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the geometry of the film forming molecules are fulfilled. For example,
solidfSupported monolayer barriers, capable of efficiently blocking the passage of

ions and molecules from an adjacent fluid phase, could be engineered on various solid
substrates using long chain silanes that bind covalently to the underlying surface,

while polymerizing laterally to form a compact two-dimensional network.
multilayer structures could be successfully prepared by self-assembly uging bifunctional
long chain silanes provided with non polar functions which may be modified through

appropriate surface chemical reactions conducted on the preassembled £ilm.
the present research demonstrates the superior performance of cert
monolayers, in terms of stability and degree of structural perf

to analogous films prepared by the Langmuir-Blodgett method.
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1. STATEMENT OF THE PROBLEM AND BACKGROUND

The research consisted of a series of studies perfarmed with the general
purpose of developing organized self-assembling mono and multilayer organic
films that might have practical applicability as ultrathin protective or pas-
sivating costings on various solids, including semiconductor materials. The
project has been initiated on the basis of previocus experimental results ob-
tained in this laboratory, which indicated that ordered solid-supported mono-
layers reminiscent of Langmuir-Blodgett (LB) films (deposited on solids by me-
chanical transfer of monolayers initially formed as floating films on water)
may be obtained directly on variocus polar solids via spontanecus molecular
self-assembly (SA) from solution. Compared to the mechanical procedures in-
volved in the deposition of LB monolayers, the spontaneous self-assembly pro-
cess presents a mmber of intrinsic advantages, particularly important with
regard to possible practical applications. The SA approach is free of same of
the inherent limitations of the LB method, while offering new options for the
utilization of ordered arganic monolayers.

Preliminary evidence obtained in this laboratory pointed to the remarkably
improved performance of SA monolayers as regarding their stability undex ad-
verse physical and chemical conditions. This encouraged us to pursue a re-
search program aiming at the preparation of ultrathin organic films of unusual
robustness and structural integrity. A study of the in-situ chemical modifi-

‘cation of preformed SA films has also been undertaken, with the purpose of ex-

tending our synthetic cepebilities towards the consiruction of novel types of
ordered moo and multilayer films with plamed structure and properties.
These studies were directly related to another cbjective of the present re-
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search - the development of high quality multilayer structures via self-assem-
bly. As shown previously by us, the self-assembly approach may, in principle,
be extended to the preparation of ordered multilayers, using a stepwise pro-
cess oconsisting of monolayer deposition by self-assembly followed by its
subsequent chemical modification, in order to generate surface binding sites
for the anchoring of the next layer in the structure. "

Oovicusly, the chemical modification of a preformed £ilm is limited by the
filmstrucbralstabﬂitywﬂerﬁncuﬂiﬁuisrequired.byﬂ‘azaspective
chemical reactions. Thus, highly resistant and structurally stable filme are
required for this purpose, which demonstrates the interrelation between the
different main directions of the present research: (i) studies on the stabil-
ity and structural perfection of organic monolayers and development of more
resistant such films; (ii) development of chemical routes to the efficient in-
situ chemical modification of preassembled monolayers; (iii) construction of
plamned high quality multilayer structures via self-assembly. A comparison of
SA and analogous LB films, with regard to their stability and degree of struc-
tural perfection, was also considered essential within the present research,
in order to provide a comntn basis for the evaluation of the performance of

ordered organic monolayers, in general.

2. SUMMARY OF MAIN RESULTS

Most of the experimental work, including the comparative investigation of
SA and snalogous LB systems, has been done on monolayers of long chain surfac-
tants, scaw of which were partially or totally fluarinated. Such surfactants
mey form Langmiir monolayers on water as well as self-assemble on solids.
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Same surfactants containing aromatic mojeties have also been synthesized and
investigated as SA systems.

T g N

a. Studies on the Stability, Structural Integrity, and Barrier Perfarmance of

LB and SA Monolayers

representative monolayer systems,l their resistance to extraction by solvents
and exposure to various corrosive reagents at ambient as well as elevated
temperatures.2’3 The performance of monolayers as diffusion barriers, i.e.
protactive/passivating coatings preventing the passage of undesired molecular
ariaﬂcspeciesfzunﬂxemﬂugemm,hasalsobeaiimestigat-
ed.3:4 The main findings are sumarized below:
* In general, SA systems have shown superior properties, as compared to
analogous LB films, in all above mentioned tests.
* SA silane monolayers stabilized by intralayer (lateral) and layer-to-
: substrate covalent bonds, display remarkably improved performance, in terms of
stability, structural integrity, and barrier efficiency, as compared to ionic ;
fatty acid films.1.3.4
*mrmtple,mlaye:soflmgdaainsumesmaluur;iunmimsmin-
tain their highly ordered solid-like state up to temperatures in excess of
: 150°C,1 such monolayers on silicon may be extracted for hours with various
solvents, including boiling toluene (110°C), or exposed to concentrated hydro-
chloric acid at 100°C and LiAlH; in boiling THF (67°C), without showing any
sign of structural detericration.
* Studies on the penetrability of monolayers, performed by means of "pene-
tration resctions” (reactions of ionitc ar molecular species diffusing from an
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cuter fluid phase with a monolayer imner function, or the underlying solid
sibstrate itself), demonstrate that highly efficient protective barriers may
be produced on Si and ZnSe using long chain silane monolayers.3:4 Long chain
thiols show similar performance on gold.® It has been demonstrated that ori-
ented, tightly packed monolayers of long chain amphiphiles may behave as per-
fect barriers, provided they are free of pinholes and their highly ordered
struchure is preserved under exposure to the penetrating species.4 The barri-
er performance of monolayers is thus a function of both their structural in-
tegrity and stability. Obviocusly, the morphology and chemical rature of the
coated solid are important factors in this respect. It thus appears that the
improved behavior of mixed thiol-silane monolayers on gold (monolayers of this
type may be prepared behaving as perfect barriers for ions as well as water
itself) is a consequence of both their improved surface coverage and stabili-
ty, resulting from the combined use of a laterally polymerizable (silane) and
a surface attached monomeric (thiol) component.

* The encouraging results cbtained in the preparation of stable, pinhole~
free monolayer barriers enabled us to construct and demonstrate, for the first
time, the functioning of efficient ion-specific electrode coatings of molecu-
lar thickmess.d Such electrochemical monolayer membranes are prepared as
mixed monolsyers, incorporating a specific ion-binding ("active™) component
within the matrix formed by a nonspecific ("blocking") camponent, which func-
tions as a barrier for undesired ionic species.
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Preassembied Monolavers

A number of surface reactions irwolving monolayer functions have been in-
vestigated during this project: hydrolysis of ester functions, reduction of
ester functions, oxidation of ethylenic double bonds with KMnO4 in aquecus and
arganic solutions. The usefulness of such reactions as synthetic tools for
the modification of surface properties, or for the activation of exposed mono-
layer surfaces, depends on the structural stability of the monolayers to be
modified, the time required for camplete conversion of the reacting functions,
and the distribution of the reaction products.

Main findings:

* Ionically bonded fatty acid monolayers, of either the LB ar SA type, do
not withstand the conditions required by above mentioned reactions, and, thus,
may not be modified using such surface chemical transformations.4

* Covalently bonded silane monolayers are considerably more resistant on Si
than on ZnSe or Ge. Thus, while such reactions (ar solvent extractions) may
be carried out with Si substrates at elevated temperatures (above 100°C),3 si-
lane monolayers on ZnSe or Ge are usually resistant under exposure to similar
treatments only at the ambient temperature. This may have to do with the na-
ture of the monolayer-to-surface bonding or the possible slight dissolution of
the support itself (for ZnSe).4

* The ester hydrolysis must be conducted in acidic (HCl) media, as hot NaCH

or KCH solutions cause damage to silane monolayers, most probably through the
hydrolytic tweeking of (Si-0-Si) bonds.
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* With terminal functions, all studied reactions are camplete within times
of the order of 30 min., leading to a single reaction product? 4 (the situ-
ation is more ambiguous with aqueous Kn0y).4

* Monolayer imner functions msy also be affected, and the reaction brought
to completion, provided the monolayer is cleaved at the position of the react-
ing function. In this case, much longer reaction times are required (many
hours), the reaction mechanism imvolving lateral propagation from edges and
layarchi:‘eclzs.3

c. Construction of Plammed Multilayer Structures via Self-Assembly

The main problems involved in the construction of planned multilayer struc-
tures via chemically-controlled self-assembly are related to the stability of
the interlayer bonding under the conditions required for the chemical activa-
tion of the outer film surface, and the necessity of preserving the molecular
order with increasing membar of deposited lsyers, i.e. avoiding accumilation
of structural defects from layer to layer.

We have investigated a rumber of possible routes to the construction of
plammed SA multilayer structures, using long chain silanes with terminal
double bonds® or ester functions, aliphatic? as well as arcmatic.? Chemical
surface activation has been achieved by the conversion of terminal double
bonds to hydroxyls via hydroboration,3 the oxidation of double bonds to car-
boxyls by organic permangenateS (followed in some cases by reduction with
LiAlH, to terminel hydroxyls), the acidic hydrolysis of ester functions to
terminal carboxyls,® end LiAlH, reduction of ester functions to terminal hy-
drcay1s. 23
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Results obtained in the course of the present research project demonstrate
that, if adequately applied, each of the above mentioned chemical activation
routes may, in fact, lead to multilayer structures of good quality. It became
apperent that some of the difficulties previously reported by us? ® ariginated
in the purity of the monolayer forming compounds and the contamination of the
activated film surface by traces of photochemically generated phosgene present
in the rinsing solvent (chloroform).

Two examples of multilayer construction, involving the hydroboration of the
terminal double bond of a long chain aliphatic silane, and the reduction of a
long chain silane with an aromatic ester function, are given in ref. 3. It is
quite cbvious from these examples that sterical factors play an important role
in the engineering of SA miltilayer structures. Thus, to avoid accumulation
of structiral defects, which may then interfere with the amooth deposition of
additional layers on top of each other, it is important to maintain the orien-
tation and tight molecular pecking of each layer. Apparently, this ensures
that the intralayer polymerization proceeds to the extent that lateral "bridg-
ing" can compensate for missing binding sites or other structural defects in
the urderlying layer. In this mamner, each layer becomes independent of that
lying undernesath it, and the accumulation of structural defects with the depo-
sition of additional layers is thus avoided. Based on these results, studies
have been initiated, and are presently in progress, aiming at the construction
of SA multilayer films provided with oriented arcomatic chromophores as intrin-
sic part of their structure (see "3rd Periodic Report”).
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CONCLUSIONS AND REOOMMENDATIONS

The main cbjectives of the herewith summerized research project have been
successfully accomplished, the results demonstrating real possibilities for
caertain technological applications of self-assembled mono and multilayer
fiims;

1. The perfarmance of covalently bonded silane monolayers, in texms of degree
of structural perfection and stability, may meet the specifications required
for a range of practical applications, including their utilization as protec-
tive/passivating coatings.

2. Since the chemical nature and marphology of the coated solid play active
roles in the mode and strength of layer-to~surface binding, also affecting the
structural perfection of a monolayer coating, one must regard the solid subs-
trate as an integral part of any monolayer system formed via self-assembly.
The performance of a monolayer barrier is thus to be evaluated only with ref-
erence to a particular substrate, the same monolayer components behaving dif-
ferently on different substrates. As the various analytical methods employed
dring the present project were not universally applicable to each of the
studied s0lid substrates, it is rather difficult to establish quantitative
correlations between the various monolayer/substrate systems with regard to
their berrier efficiencies. For example, while quantitative FTIR spectroecopy
in the Total Intexnal Reflection mode could be applied to Si and ZnSe, the
powerful electrochemical methods were spplicsble to Au substrates only.

To develop a protective oar pessivating monolayer coating for a specific ap-
plication, it will, therefore, be neceesary to prepare and test it in direct
relation to the perticular spplication for which it is intended. In general,
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the results obtained during the present studies demonstrate that useful mono-
layer baxrriers may actually be engineered using tecimiques of monolayer self-
assembly.

3. Studies perfcrmed in the course of this research project indicate that high
quality multilayer structures are cobtainable via self-assenply, provided the
right type of monolayer-forming components and proper experimental conditions
are employed.

While some general hints emerge from these studies as to what may work and
what not, additional basic research will be certainly required to establish
reliable rules regarding the construction of SA multilayers. Further research
will also be required to develop any particular new system which might present
interest for a particular type of application. It is reasonable to assume
that the gradual accumulation of more experimental data in this area will
shorten the research effart necessary for the development of new and more com-
plex SA systems.

If the prospect of investing a large effort in the development of novel SA
film systems may be discouraging, one should be reminded that the alternative
LB route is, in fact, not shorter if films meeting a particular set of speci-
fications are to be produced. Thus, despite the oonsiderable research effort
80 far invested in LB films all over the world, no technological applications
of such systems have been yet reported. On the basis of the present results,
it appears that chances are much better to reach this goal by the self-assem-

bly approach.
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SELF~ASSEMBLING MONOLAYERS IN THE CONSTRUCTION OF PLANNED SUPRAMOLECULAR
STRUCTURES AND AS MODIFIERS OF SURFACE PROPERTIES

Rivka Msoz, Lucy Netzer, Julio Gun and Jacob Sagiv
Department of Isotope Research
! The Weizmarn Institute of Science
76100 Rehovot, Israel

ABSTRACT

Organized monolayer structures prepared on polar solids via spontane-
ous adsorption from organic solutions (self-assembly) exhibit some rath-
er unigue features, particularly relevant with regard to possible tech-
b nological applications of such systems.
| The outstanding stability of covalently bonded monolayers under expo-
3 sure to a variety of adverse physical and chemical agents allows well
situ chemical modification. This offers interesting new opportunities
for the engineering of plamned film structures, directly on the desired
solid surface. A
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Examples will bs given to illustrate the key roles of molecular or-
ganization and mode of film-to-surface binding in the chemical manipula-
tion of presssembled films, while briefly discussing some related
aspects of the process of molecular self-assembly at solid-liquid inter-
faces. The discussion will focus on three different directions of ap~

plication:
1. Preparation of stable organic surfaces with well defined outer
functionality.

2. Construction of plamned multilayer structures via self-assembly.

3. Construction of monolayer berriers and utilization of "penetra-
tion" reactions as senaitive probes of the penetrability and
structural integrity of monolayers £ilms.

INTRODUCTION

Organized monolayer films have lang been considered attractive for a
variety of spplications of scientific interest, however, it is only re-
cently that research in this area has entered the critical stage of
evaluating the technological feaesibility of some of these applications!.

Formation of ordered mnolayers via self-assembly? 10, i.e. spontane-
ous adsorption from a bulk fluid phase (usually organic solution) onto a
polar solid contacting the fluid, presents scme rather unique features,
which, spert from their thecretical significance, are perticularly va-
lusble from the point of view of possible techno.ogical applications of
molayer systems. Thus, baing a spontanecus molecular process, the
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self-crganization of molecules at fluid-golid interfaces should neces-
: sarily leed to stabilized (low free energy) structures, at least under g
involve mechenical opersticns, meening that the quality of self-assem-
bled films is not affectad by mecroscopic mechanical factors, and,
therefore, should not depend on the availability of sophisticated depo-
sition equipment. Ordered self-assembling monolayers mey, in principle,
be prepared on a large variety of smooth polar solids, regardless of
their size, shape, or state of disparsion®. Furthermre, as water is
rot required in the formation of these monolayers, the use of water-sen-
gitive materials is also allowed, as well as that of monolayer compo-
nants not neceesarily possessing the amphiphilic character required for
formation of insoluble Langmiir monolayers at water-gas interfaceslO-1l,
Finally, the direct anchoring of the f£film to the underlying solid subs-
trate is one of the most important features characteristic of self-as-

gsembly. Since the driving farce in the process of monolayer formation
on s0lid surfaces is largely provided by the attractive interactions be-
tween the adsorbate molecules and the solid, the specific mode of bind-
ing to the solid plays key roles in the dynamics of film formation es
well as in the stsbdlization of the final film structurell:12. ag we
1 have shown3'11717, the layer-to-surface and intralayer covalent bonding
| achieved in self-sssesbled silane morclayers results in remarksbly im-
proved film stability. Covalently bonded silsne morolayers were found

t0 be highly resistant to adverse conditions, such as prolonged extrac-
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tions by good solvents'}™13, nhigh temperaturesl?, and trestments by cor-
rosive chemicals?3/15. such monolayers are expected to meet the strin-
gent stability requirements posed by a variety of applications of tech-
rological interest. In addition, the high struchural stability con-
ferred by covalent bonding offers interesting new synthetic
possibilities, through the in situ chemical modification of preasssembled
films, directly cn the desired solid surfacel’ 17 (see below).
Research conducted in this lsboratory over the past several years has
aimed at elucidating a number of basic questions regarding the process
of monolayer formstion via self-sssembly>:8:12:13, yhile explaring the
feasibility and general problemstics of the chemical menipulation of
preessembled film structures! 17, The purpose of this peper is to
briefly discuss a mmbar of examples illustrating possibilities for the
use of self-agssembling monolayers in three different directions of ap-

plication bearing technological relevence.

1l. MODIFICATION OF SURFACE PROPERTIES -~ PREPARATION OF STABLE ORGANIC
SURFACES WITH WELL DEFINED OUTER FUNCTIONALITY

Some exanples of important scientific and technological applications
that should benefit from the availability of arganic surfaces with well
defined outer functionality (:lntenuofﬁa‘_dmical nature, density
and orientation of the exposed functions) are listed below:

* Aimdemantal studies of physical and chemical forces operating at

interfaces’- 18,

* Coupling of two surfaces (achesion)l9.




* Prevention of adhesion - low energy surfaces?0 22,
*wganfacessvz"'z‘.
* Epitaxial control of crystal growthZ.
vides an attractive straightforward route to the preparation of such
surfaces. However, the usefulness of this spproaech is limited by the
usual low stability of monolayer coatings. For example, unless polymer-
ized under water?$:26 or under a hydrophilic coeting??, Langmuir-Blod-
gett monolayers exposing polar outer functions undergo the well known
tum-over reerrsngement (to a non polar cuter surface) when pulled out
of the water through the water-air interface?’/. Surface-bound monolay-
ers prepered by self-assembly offer a satisfactory solution to the prob-
lem of stability of monolayer coetings. The modification of the chemi-
cal nature of a solid surface upon coaeting with such monolayers may, in
principle, be achieved in two different ways:
a) ™e monolayer forming molecules are designed such as to arient on
the surface with the desired function pointing outwards.
b) The, desired surface function is introduced via the in situ chemi-
cal modification of preassembled monolayers made of appropriate
bifunctional constituents (see Figure 1).

Figure 1 here

The first route is usually applicable to the preparation of low-ener-
gy non-polar surfaces (except for cases where the anchoring to the sur-
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face is highly specific and effectsd through moieties having poor gener-
al reactivity or adsorptivity, like thiols ar sulphides on go1d®:9-10),
while the second one allows stable surfaces with polar outer functional-
ity to be produced. In the following, examples will be given illustrat-
ing the use of the first route in the preparation of fluorinated surfac-
ee and of the second cne in the preperation of surfaces with exposed

carbaxylic or hydroxylic groups.

Fluorinated Surfaces

Surfaces exposing closely packed (-CF3) groups exhibit the highest so
far cbserved liguidophobicity (highest contact angles with respect to
water as well as organic liquids)?0. Fluarinated monolayers are of in-
terest for the preparation of highly non-adherent (low energy) surfaces,
as inert protective coatings, and also in comection with their special
electrical properties?s,

Highly oleophobic fluorinated surfaces prepared in the pest by ad-
sarption of perfluarinated fatty acids?C had low stsbility, perticularly
in contact with wabter, which limited considerably their usefulness as
hydrophobic coatings. Locking for a convenient sinple route to the
synthesis of fluorinated surfactants suitable for preparation of stable
monolayers with the desired structural properties, we have used intra-
chain ester functions to obtain pertially fluorinated long chain surfac-
mmm&nammdmwmaswmm
terminal fluorocarbon one and a silane or carboxyl head group (Compounds

N
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(B), (C)). It was anticipated that the packing density and arientation
of such partially fluarinated chains would be determined by the bulkier
fluorocarbon  segments?0:2l, thus producing monolayers with densely
packed cuter (-CF3) groups. The long chain acid (C), structurally anal-
ogous to the silane (B), lends itself to preperation of monolayers via
both self-assembly (SA)emdﬁaangm.ir-Blodgatt(LB) method?l, which
provided us with the important additional option of comparing the two
types of £11ms>'13 (see also section 3 below).

Formulas of Campounds (A), (B), (C) here

The formation and structure of SA monolayers of a series of partially
fluorinated long chain and fluorinated short chain surfactants, such as
(B), (C) and (A), have been investigated using Fourier transform infra-
red (FTIR) spectroscopy in the internal reflection (ATR)® and external
reflection (reflection-sbsorption-RA)#:7:8:13 modes, and contact engle
measurements> 5920, Glass, aluninum, ZnSe, Ge and Si were employed as
solid substrates. The SA monolayers were compared with LB monolayers of
campound (C) deposited on the respective substrates from the waber-air
interface>’ 13,

It was found that the silane (B) forms covalently bonded SA monolay-
ers exhibiting surface energies in the range of the lowest values (high-
est contact angles) so far reported?C, while displaying remarkably high-
er stability, uxder exposure to both organic solvents and water, than
previcusly reported fluorinsted acid monolayers?0. The fluorocarbon

.




chain segments in such monolayers eppear to actually approach a state of
dense packing with rather good perpendicular arientation on the surface,
while the hydrocarbon segments are more disoxrdered, as expected from the
difference in the cross sections of the flucrocarbon and hydrocarbon
chaing®:2l, short chain fluorinated surfactants such as the silane (A)
ar the corresponding acid tend to adsorb es partially oriented multilay-
ers, possibly as a result of their low solubility in the hydrocarbon
solvents employed in these experiments.

Table 1 here

Figure 2 here

Exsmples of ATR spectra and the respective contact angle values are
given in Figure 2 and Table I for some representative £ilms of compounds
(A), (B) and (C), and also for a molayer of n-octadacyltrichloroedlane
(ors)3:12 on Ge. The significantly higher contact angles measured an
filme of the long chain silane (B), ss compared with those of the other
fluorinated compounds, paint to the more uniform orientation and possi-
bly denser molecular packing of the farmer>'12, This conclusion is cor-
rcborsted by the IR data. According to the integrated intensities of
the (-CHy-) stretch bands around 2900 an™) (compsre curve (B) with that
of OrS in Figure 2), campound (B) forms an oriented SA monolayer with a
packing density of the arder of 33 AZ/molecule®l. The intensity of the
(~CFy~) stretch band at 1151 on! in curve (B) is ca. 1.7 times higher
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than that of the analogous LB monolayer in cxve (C), while the corre-
sponding (-CH,-) bends at 2922 ol differ by a factor of only 1.17.
This points to differences in both the density and the molecular orien-
tation of the two films3, the SA silane monolayer being denser and hav-
ing better perpendicular arientation of its fluorocarbon segments. Fur-
ther evidence supporting these conclusions is obtained from the analysis
of the RA spectra of the respective monolayers on Al (not shown). Com-
pared to OTS, the broadening and blue-shift (from 2918 am™! to 2922
anl) of the (-CH,-) stretch bends of (B) and (C) are both indicative of
the looser packing and less ordered arrangement of the hydrocarbon seg-
ments™0 in these pertially fluorinsted amphiphiles. Finally, the inte-
grated intensity of the 1151 an™! band in curve (A) is seen to be ca. 10
times larger than that in auxrve (C), clearly demonstrating the multilay-
er nature of the adscrbed film formed by the shart chain silane (A).

Surfaces with Exposed Carboxylic or Hydroxylic Groups

Figure 3 here

The surface hydrolysis and reduction of & bifunctional monolayer with
a silane head group and a terminal aromatic ester function (C,,SPE) are
schemstically depicted in Figure 3. As demonstrated by the ATR spectra
in Figures 4 and 5, these surface modification reactions can be carried
aut to campletion within ressonsble times, without affecting the integ-
rity of the reacted morolayers. The advancing contact angles for Hy0
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and bicyclohexyl change accmﬁ.nglyg'm'r’, from initial values of ca.
90°and 31°, to final values of ca. 55°and O0’on the acid surface, and

50°and 0° on the alcohol surface, respectively. It should be noted that
the presence of the terminal benzene ring imposes a scmewhat l.o::ser
chain packing in these monolayers, as compered with that reached in mon-
olayers of normal lang chain amphiphiles ‘such as OTSS.

Figures 4 and 5 here

Hydroxyl and carboxyl reach surfaces prepared by this method are per-
fectly stable under water as well as in air or in arganic solvents, and
may thus be used in various applications, among others, in the construc-

tion of SA multilayer crganizatesi® 17 (Figure 1, see also below).

2. CONSTRUCTION OF PLANNED MULTILAYER STRUCTURES VIA SELF-ASSEMBLY
Soms of the most attractive possible applications of arganized mono~
layer assemblies follow fram their precisely defined architecture, in
texme of the position end arlentation of individual molecular constitu-
ents in gpace. Meny of these spplications require that ordered struc-
tures thicker than one monolayer be assembled. Examples include the fa-~
brication of piezo, pyroelectric and non-~linear optical elements,
molecular insulators, conductcxs, and, in the more distant future, the
evantual assenbly of more sophisticated elemants for molecular electron-
ic devicesl. Therefore, developing methods for the construction of
planned layered assemblies of gradually incressing complexity, suffi-

Ty
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ciently resistant for spplications of practical interest, constitutes a
major cbjective in monolayer reseerch today’. As we have shownl6:17,
canbining the besic process of monolayer self-assembly with the in situ
chamical modification (activation) of presssembled monolayers, provides
a pramising new synthetic approech to the construction of such struc~
tures (Figure 1). The chemical activetion of the outer monolayer sur-
face, realized through the use of bifunctional monolayer constituents,
plays the role of a controllable triggering system allowing sequential
deposition of discrets monolayers in a growing multilasyer structure.
The required stability of the resulting structure mey be achieved by in-
ter and intralayer covalent bonding of its constituents. We should em-
phasize that the use of monolayer constituents with "inert" outer func-
' tions, convertible into "active” cnes upon appropriate surface chemical
treatmant, is essential if precise control on the deposition and orien-
tation of each monolayer is to be maintained.

Our first sttempts to construct SA multilayer films according to the
scheme in Figure 1 met with some difficulties!® 17, which now appear to
have originated in technical problems related to the purity of the mono-
layer forming compounds and the contamination of the exposed film sur-
face following the chemical activation steps. As demonstrated by the
exsmples given below, if adequately applied, the basic adsorption-sur-
face-chamical-activation approech depicted in Figure 1 may yield high
Qquality self-assembled multilayer structures (Experimental details will
be provided in a mumber of forthcoming publications).

Figure 6 here
-11 -
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Figure 6 shows IR spectra recorded during the construction of a
5-layusf11mofala~gchain(clg) silane-terminal double band surfac-
tant (NTS), using the previously reported general method of double bonds
cowversion to terminal hydroxyls (via hydroboration and treatment with
basic H,0,) and interlayer coupling through covalent (Si-0-C) bridges!S.
As evidenced by the absorbance intensities in Fig. 6, within the experi-
mental exrror, each deposited layer represents a camplete mornolayer of
densely pacied and perpendicularly oriented NTS molecules, no systematic
variations in the amount of material and its orientation being detecta-
ble fram layer to layer. This is confirmed by the constant high contact
angles messured after the deposition of each of the five layers
(103°-105° for H0, 50°-52° for bicyclohexyl, 44°-46° for n-hexade-
m)3,16. Thus, the stepwise film growth process appears to proceed
smoothly and independent of the total number of superimposed lay-
exsl®-17,

Figure 7 here

A different exsmple of multilayer construction using the same basic
approach is given in Figure 7. The surface activation of this aromatic
ester monolayer, realized via its reduction to the respective terminal
alcohol (Figure 3), involves removal of the terminal benzene ring. This
is seen to result in a surfactant with a molecular cross section smaller
than that of the initiai one. Some of the "sterical matching" difficul-
ties arising from the use of such a bifunctional surfactant, feasturing a
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terminal function bulkier than its main hydrocarbon core (Figure 1), are
apparent in Figure 7. In order to preserve the orientation of the pa-
raffinic chains following removal of the arcmatic end groups, and thus
allow regular deposition of ordered layers on top of each other, it was
necessary to introduce OTS molecules as "filler" material into the free
spacebetvoemﬁ':edxahsofﬁncl-;SPEmleo.xles. Using this strateqgy,
a multilayer film made of 9 superimposed monolayers was constructed on a
Si ATR plate, each layer containing besides C,,SPE the equivalent of ca.
10% of a camplete OTS monolayer.

ATR spectra recorded after deposition of the first, third and sixth
layer in this nine layers film are shown in Figure 8. The step-by-step
growth in the thickness of the film is evidenced by the corresponding
growth in the sbsorbance of the (~CH,~) stretch bands®:16:17 arcund 2900
am™l, while the constancy of the carbonyl stretch bend at 1761 cml dem-
amstmtesﬁaebasicequivalenceofea&ofﬁ:erespectiveCmSPEm
layers in the multilayer film. It should be further noted that the car-
bonyl bend disappears following each reduction step (see Figures 3, 5),
aﬂyﬂnlast@osi‘bad (unreduced) monolayer in the growing multilayer
film retaining the ester function (Figure 7). The stepwise film growing
process, according to Figure 7, is, finally, confirmed by the alterna-
tion in the contact angles following each adsorption and reduction
step!®17. The B0 advancing contact angle wes found to alternate be-
tween ca. 90° and 50° and the bicyclcohexyl angle between ca. 26° and 0°
for each layer, except for the first ane, on which the initial bicyclo-




hexyl contact angle was ca. 30° This points to a possible slight differ-
ence in the oarientation of the molecules in each of the upper layers as
campared with the first one.

Figure 8 here

Further work is now in progress aiming at the construction of arcmat-
ic multilayer structures designed such that their molecular packing and
arientation are not drastically affected by the surface chemical activa-
tion of each layer. UV and polarized UV spectroscopy are used to deter-
mine the chemical transformations and the arientation of the arcmatic
moieties in these films.

3. CONSTRUCTION OF MONOLAYER BARRIERS. UTILIZATION OF "“PENETRATION"
REACTIONS AS SENSITIVE PROBES OF THE PENETRABILITY AND STRUCTURAL
INTEGRITY OF MONGLAYER FILMS

Ordered solid-like monolayers of long chain amphiphiles are expected
to behave as efficient ultrathin diffusion barriers for various ionic
and molecular species. This follows fram the exceptionally high density
and rigidity of such films, achieved through the uniform a)ignment and
tight packing of their molecular constituents. The possibility of engi-
neering efficient monolayer berriers is attractive for a mumber of novel
agpplications, including the development of ultrathin protective cost-
ings, high resolution electron-besm resists, ultrathin selective mem-
tranes, and selective monolayer-modified electrodesl. However, the 1it-
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erature presents apparently ocontradictory evidence regarding the
penetrability of monolayer and multilayer £ilms!5:29, An extensive com-
perative study of the penetrability of some mono and multilayer LB films
mSAmnlayusmrtlymiedwtinﬁnslammls'zgdsnr
strates that the passage of molecular and ionic species across a tightly
packed monolayer assembly of oriented long chain amphiphiles occurs
through fortuitous structural defects in the assembly, or through de-
fects generated under the action of the penetrating species. The pen-
etrability of the films was probed by monitoring the extent of KMnO4 ox-
idative attack on intralayer located ethylenic double bonds. Both
aqueaxszgarﬂotganiclssolutimsofm4wereexanined. As befare,
FTIR-ATR spectroscopy and contact angle measurements were employed to
reveal the chemical and structural txransformations undergone by the
films upon their exposure to the penetrating reagents. Some of the main
results of this inwvestigation are listed below:
* SA mnolayers of long chain acid salts were found to be less pene-
trable than analogous LB films ocontaining from one to three super-
imposed monolayers. This is a consequence of the higher degree of
perfection and higher structural stability of the SA monolayers.
* 1t is possible to produce SA acid salt monolayers displaying high
barrier efficiencies when exposed to the KMnO4 solutions for times
of the order of several minutes. Longer exposure times result in
gradual deterioration of the ardered structure of such ionic films,
with a corresponding drastic increese in their penetrability.

-15 -
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* Covalently bonded SA monolayers of both satursted and unsaturated
long chain silanes are highly stsble and impenetrable (in their

{ tightest mode of packing) in the aguecus permengsnats environment.
Saturated silane monolayers display similar bshaviour also in the
orgenic permanganate.

* Unsaturated silane monolayers undergo in the organic reagent very
slow oxidative cleavage of the chains at the position of the double
bonds, via a mechanism of lateral propegation starting from edges
and layer defects. The process ends in the formation of an orient-
ed shorter chain monolayer with exposed carboxylate functions (Fig-

ure 9).

Figure 9 here

The ATR spectra in Figure 10, taken before and after exposure of an
unsaturated silane monolayer to the arganic permangsnste reagent for 2
and 6 hours, confimm the gradual cleavage of the chains, as suggested in
Figure 9.

For campaxrison, Figure 11 shows ATR spectra of complete and incam-
plets monolayers of the same unsaturated silane as in Figure 9 taken
during their exposure to the agueocus permenganate reagent. According to
the decreese in the sbecrbence of the (C~C) bend at 964 am™l, mare than
608 of the ethylenic functions in the incomplete monolayer are oxidized
within 3 winutes, while no meesurasble chenge i1 the sbacrbance of this
band is cbearved in the conplete (densely pecked) monolayer even after

e 1 e 1 A ———_ e 5
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30 to 90 minutes exposure to the reagent (only the 30 min. spectrum is
shown in Figure 11). The penetration of the agueous permanganate ion
into the imer core of a monolayer is thus clearly seen to depend on its
packing density, being efficiently blocked by layers epproaching their
tightest mode of packing. Exoept for the decrease in the (C=C) band ab-
sarbence of the incamplete monclayer, practically no other spectral
changes are cbeexved in Figure 11, thus demonstrating the structural
stability of these silane monolayers in the agueocus KMnO4 solution.

Figures 10 and 11 here

The present results emphasize the impartant role of film structural
stability, besides its degree of structural perfection, in the engineer-
ing of useful monolayer barriers. Oovalently bonded silane monolayers
were found to exhihit remarkably superior performance in such applica-
tions as compared to ionically bonded acid films. It is further demon-
strated that "penetration” reactions are very useful as sensitive probes
of the penetrability of monolayer films, while supplying additional va-
lusble information on their overall structural stability. Finally, the
lateral cleavage of unsaturated silane monolayers by the arganic perman-
ganate reagent suggests interesting asynthetic possibilities for the
preparation of oriented short chain monolayers with outer polar func-
tionality. In general, neither the LB method nor the self-assembly from
solution allow such structures to be directly produced.

N e N




CONCLUDING REMARKS

Examples were presented demonstrating the potential of monolayer
self-assenbly in a range of possible applications. The attention has
been focused on three main issues bearing particular relevence with re-
gard to the posaible technological utilization of monolayer systems:

* The stabllity of crganic monolayers.

* The degree of structural perfection attainasble in solid-suppoxrted

films.

* The availabllity of £ilm building methods ensbling construction of

organized assemblies with the desired molecular architecture.

As far as the campeaciness, integrity and film stxructural stability
are concerned, it is now possible to produce covalently bonded SA mono-
layers of improved quality as compared to related LB films. Such mono-
layers are proamising as molecular barriers and in applications demanding
modification of surface properties. The enhanced stability of cowvalent-

ly bonded SA monolayers allows a variety of chemical modification reec-
tions to be directly conducted on preassembled films, thus offering new
synﬂndcwtiaainﬁnmtmctimofmmlexlay&edm—
blies.

mursmﬂ_(ng. 6) was a gift sample kindly supplied by Kazu-
funi Ogawa of Matsushita Electric Ind. Co., LTD., Osaka, Japen.
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Table 1. Equilibrium Advancing Conrtact Angles Measured on the
Films of Figure 2

Film® . n-Hexadecane Bicyclchexyl H0

A, OTS/Ge 45° 51° 112°
(A) A, PFDTS/Ge 70° 78° 112°
(B) A, C;o(F)C,3SE(11)/Ge 81° 88° 124°
(C) L, C1o(F)CyoAE/Ge 7n° 75° 108°

8A and L designate f£ilms produced by self-assembly (Adsorption)
and the LB method, respectively.
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Figure ceptions

Fig. 1. Schematic representation of the utilization of bifunctional
monolayer constituents in the preparation of arganic surfaces with polar
auter functionality, and in the construction of plammed self-assembling
miltilayer structures. The in situ chemical modification (activation)
of the preassembled film is a key feature in both applications. Active
functions are defined as those carrying potential for binding to the
surface, or to which an additional monolayer may bind.

Fig. 2. FTIR-ATR spectra of SA films (Adsorbed, A) of compounds (A),
(B) and OTS, and of a LB monolayer (L) of the cd** salt of compound (C)
an Germanium. The LB monolayer was quantitatively transferred at a con~
stant pressure of 20 dyne/cm and a nominal area/molecule of 31 A2, The
SA films were prepared under conditions leading to saturation of the ad-
scrption and maximal ocontact angles for each of the respective com-
pounds3:12, Por OTS, only the 3000-2800 am™! spectral region is shown.

Fig. 3. Surface hydrolysis or reduction of the ester function of a bi-
functional silane-ester surfactant (C;,SPE) in a covalently bonded SA
monolayer, according to the general approach formulated in Figure 1
(lateral and layer-to-surface (-Si-O-) bonds are schamatically shown).
Quantitative modification of the exposed ester functions is achieved un-
dor the indicated reaction conditions without affecting the integrity of
the underlying portion of the monolayer.
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Fig. 4. FTIR-ATR spectra on silicon of a monolayer of the silane-ester
surfactant (C,,SPE) shown in Figure 3, before (lower curve) and after
HC1 hydrolysis of the ester function to the respective terminal acid.
The gquantitative disappearance of the ester carbonyl band and the ap-
pearance of a carboxylic acid bend are evident at 1757 and 1713 om™l,
respectively. The integrity of the moolayer is preserved under the
conditions of the reaction, &s confirmed by the invariance of the
(-Gi,-) stretch bands around 2900 cm™l.

Fig. 5. Spectra as in Figure 4, taken before (lower curve) and after
LiAlH; reduction of the ester function to the respective terminal alco-
hol. Note the quantitative disappearance of the ester carbonyl band at
1758 cn"! and the invariance of the (-CH,-) bands around 2900 am™l.

Fig. 6. FTIR-ATR spectra of a S-layers film of nonadecenyltrichlorosi-
lane (NTS) on siliocon, showing (from the left) the (C-H) stretch region
of the entire film and the individual contributions of each of the five
monolayers in the structure. The individual contxributions are differ-
ence spectra, each n-th layer representing the mathematical subtraction
of the spectrum recorded after the deposition of n-1 layers from that of
the coxrresponding n-layers film. Formula of NTS, bound to the surface
and laterally polymerized via cowalent (-Si-O-) bonds, is depicted in
the insert.

rig. 7. wumofaﬂmltnayarﬁmaclﬁm(saemﬂ
formula in Figure 3) according to the general spproach formulated in
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Figure 1. The interlayer binding is realized through the formation of
(81-0-C) bridges, involving the reaction of the exposed hydroxyl groups
of the activated monolayer with the chlorosilyl groups of the adsorbing
molecules. One OTS malecule (Cig) is schematically shown to £i11 the
&aespacebebmﬂnparaffinicdnﬂsofﬁpclﬁm (Cy7) molecules
(see text for details).

Fig. 8. FTIR-ATR spectra on silicon tsken after deposition of one,
three and six C;,SPE monolayers in a multilayer film constructed accord-
ing to the procedure cutlined in Figure 7.

Fig. 9. Oxidative cleavaga of the chain of a surface immobilized unsa-
turated long chain silane (1) by the crown-ether-KMnO, camplex in ben-
zene. Terminal aldehyde functions (3) are further axidized to carboxy-
lates (2).

Fig. 10. FTIR-ATR spectra of a camplete monolayer of the unsaturated
silane surfactant shown in Figure 9 an ZnSe: (a) before exposure to or-
ganic KMO,; (b), (c) after exposure to the resgent for two and six
hours, respectively; (d) after trestment of (c) with HCl. The gradual
cleavage of the chains (at C;3=C,4), with the formation of a surface im-
mobilized C;4 silane~terminal acid salt monolayer and the ooncomitant
detachment from the surface of the shorter Cy acid segment (Figure 9),
isevidmtﬁmﬁwgradmldisappemmofﬁn-(%)aﬂ(-cis)batﬂs
at 963 and 2957 cm™l, respectively, the reduction in the intensities of
the (-CH,-) bands st 2919 and 2851 cn™l, and the simultenecus appearance




of carboxylate (-000") bands at 1549 and 1558 anl (curves (a) - (c)).
The disappearance of the carboxylate bands and the appearance of a free
carboxyl bend at 1702 am™l, upon acidification of the surface, is evi-
dent in curve (d). The progression of wesk bands visible in curve (d4)
between 1186-1239 an™! points to the rigid all-trans confarmation of the
chains in the residual C,3 monolayerd: 13,14,

Fig. 11. Spectra as in Figure 10 for complete (lower part) and incom-
Plete monolayers of the unsaturated silane surfactant of Figure 9, be-
fore and after exposure to agquecus RO, far the indicated periods of
time (see text for details).
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. Ionic recognition and selective response
in self-assembling
monolayer membranes on electrodes

Israel Rubinstein®, Suzi Steinberg®, Yitzhak Tort,
Abraham Shaazert & Jacob Sagivi
Departments of * Materials Research, t Organic Chemistry and

% lsotope Research, The Weizmann Institute of Science,
Rehovot 76100, Israet

Communication in living organisms is govermed by cell bilayer

of such molecular-size barriers invoives molecular and quantum
processes deriving from a precise, purpose-oriented architecture,
and attempts have bees made to create artificial supramolecular
structures exhibiting similar properties'”. In particulsr, chemi-
cally modified electrodes, coated with various types of orgamic
layers'®'®, have heen used to cowtrol the access of electroactive
species from solution, but such systems have 3o far lacked some
of the important features of real, molecular-size membranes. Here
we presest the first example of an electrode coated with a stable,
ion-selective artificial membrase haviag the thickness of just one
molecule, which successfully mimics basic structural and fasc-
tiousl principles of the aatural bilayer membrane. This monolayer
membrane, produced by molecular seif-assembly oa goid, can

charge
at liquid-eelid interfaces, and contribste to future molecular-based

Impermesbie one-molecule-thick barriers for ions and water
have recently been produced on gold*>? using techniques of
monolayer self-assembly'*?*. Achieving ion selectivity in such
systems is more complex, as the ‘active’ element providing the
desired selectivity may not form film structures that are compact
enough to prevent leakage of other, undesired species. We show
here the feasibility of an approach based upon the use of
self-assembled mixed monolayers, containing both ‘active’
(monolayer-forming ligand) and ‘blocking’ (surface-sealing
long-chain amphiphile) components®®, so that a specific
response for metal ions forming 1:1 complexes with the ligand
is achieved.

The ligand used was 2.2-thiobisethyl acetoacetate,
S(CH,CH,0COCH,COCH,), (TBEA, Fig. 1), designed and
synthesized as ‘active’ component. The two -} :to ester groups
of TBEA form a tetradentate chelating centre, and the sulphur
bri was designed to anchor the ligand to a gold sur-
face'?023.24.2¢ gucface-bound tetradentate TBEA is an excellent
candidate for the formation of 1:1 complexes with divalent
metal ions, such as Cu®*, but is geometrically unsuited for
binding trivaient metal ions, such as Fe’*, that require octahedral
coordination. Therefore. in terms of geometric discrimination
(and also electrochemical suitability), Cu** and Fe’* are con-
venient ionic probes to test the selectivity of the present
et 74 show homdm':lid“volumg-m" f  bare gold elec.

s a cyclic of s gold elec-
uodo"i:ﬂ,so. solution containing Cu’* and Fe**. The Fe’*/**
reduction-oxidation peaks are marked with arrows; the small
peaks around —0.13 V correspond to underpotential depasition
(UPD) of a monolayer of Cu on Au®’ and the peaks at —0.55 V
(reduction) and ~0.40 V (oxidation) correspond to deposition-
dissolution of bulk Cu. Examination of an electrode coated with

Cul*-TREA

55 Py

LSS

M SH s

Fig. 1 Schematic representation of TBEA, Cu’*-TBEA complex,
and n-octadecyl mercaptan (OM), adsorbed on gold substrate.
Note that ligand binds Cu®* in the enol form upon losing two
protons, and thus the complex is neutral. TBEA was prepared by
the 4-dimethylaminopyridine (DMAP)-catalysed reaction® of 2,2"-
" thiobisethano! with dik Gold electrodes were prepared by
sputter-deposition of ~1,000 A gold on glass microscope
slides'®?!, followed by annealing for 15min at 420°C, which
reduces the gold-surface roughness.

only TBEA (Fig. 2b) indicates a film structure not sufficiently
compact to prevent leakage of Fe>* through uncovered portions
of the electrode. (TBEA was adsorbed on gold by immersion
in a solution containing 3.3x10">M TBEA in bicyclo-
hexy!: chloroform, 4:1 v/v, for 3.5 h; the resulting electrodes are
denoted Au/TBEA.) Evidently the introduction of an appropri-
ate ‘blocking’ element is necessary for the proper functioning
of the system. It was expected that addition of a surface-sealing
monolayer component to the adsorption solution might result
in a continuous mixed monolayer barrier with ion-selective sites
embedded within a compact, electrochemically inerc matrix.
Previous experience'®-*! pointed to n-octadecyl mercaptan,
CH,(CH,),,SH (OM, Fig. 1) as a suitable such component.
Thus mixed monolayer membranes were prepared on goid sub-
strates by co-adsorption of the two components from a solution
containing 2.0x10~>M TBEA+2.0x10"2M OM in bicyclo-
hexyl:chloroform, 4:1 v/v, for 3.5h. These electrodes are
denoted Au/(TBEA +OM).

The performance of the mixed (TBEA+OM) monolayer
membranes was compared with that of gold electrodes coated
with the same ligand, but sealed with a thin electrodeposited
polymeric film (~10-15 A thick) of 1-naphthol (NP), known to
suppress electrochemical reactivity®® (Fig. 2¢). Figure 2¢ and f
show, respectively, voltammetric curves of an Au/(TBEA + NP)
electrode in Cu®* solution and in a mixed solution of Cu** and
Fe*. Although the electrode is inert to Fe’*, Cu* peaks are
clearly observed. The voltammogram of the soluble Fe**-ethyl-
acetoacetate complex in Fig. 2i indicates that the absence of
Fe**/2* peaks in Fig. 2¢ and f is not due to a possible shift in
the redox potentials of complexed Fe’*.

The qualitative behaviour of a typical Au/(TBEA + OM) elec-
trode, shown in Fig. 2d and g for solutions containing Fe** or
both Cu®* and Fe'* ions, respectively, is similar to that of
Au/(TBEA+NP) (Fig. 2c and f); however, a considerably
decreased background, virtually coinciding with the baseline,
in Fig. 2d and g, indicates a clear improvement of the barrier
properties for the mixed monolayer membrane. Thus the selec-
tive complexation of Cu®* enables its penetration into the
monolayer and electron exchange with the underlying electrode,
whereas hydrated Fe’* remains in the bulk solution at consider-
ably greater distance from the electrode, which precludes its
electrochemical reduction in the applied voltage range. Fe**
forms a red complex with dissolved TBEA, possibly an
oligomeric octahedral complex. For steric reasons, this should
be prevented when the ligand is bound to the surface in an
oriented monolayer. Total suppression of voltammetric response
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Fig. 2 Cyclic voltammograms in 0.1 M H,S0, containing 1.0 mM
Cu?*, 3.0mM Fe**, or both (scan rate: 0.10 V s™*; electrode area:
0.63 cm?; MSE is m sulphate ref 1 de, +0.400 V
versus satursted calomel electrode). a, Au in Cu**+Fe**; b,
Au/TBEA (~80% coverage) in Fe**; ¢, Au/(TBEA + NP) in Fe**;
d, Au/(TBEA+OM) in Fe’*; e, Au/(TBEA+NP) in Cu®*; £,
Au/(TBEA + NP) in Cu* +Fe**; g, Au/(TBEA+OM) in Cu®* +
Fe'*; k, Au/(TBPA+OM) in Cu®* +Fe’*; i, Au in 0.1 M H,SO,
containing 0.4 M ethyl acetoacetate and either Cu®* (solid line)
0i Fe'* (broken line). The ligand coverage was estimated from the
minimal amount of charge required to block Au/(TBEA) with
naphthol polymer (towards Fe’*) compared to that required to
block a bare electrode of the same geometric area. Surface
coverages of ca. 80% with TBEA are typical. Essentially the same
curves as ¢ and 4 are obtained, respectively, for Au/NP and
Au/OM in either Cu*, Fe**, or Cu®* +Fe**. For ¢, ¢, £, naphthol
polymer (NP) was deposited in a stirred solution containing
1.0 mM 1-naphthol in 0.5 M H,SO, by passing a constant anodic
current for 2.0 wA cm ™2 for 4.5 min. This corresponds to about 10
Iayers of NP deposited at ligand-uncovered sites of the electrode,
which results in a NP film thickness comparable with that of the
ligand monolayer itself.

is also observed with other ions, which are either trivalent (for
instance, Ce**) or sterically incompatible (for instance, VO**).

The monolayefs on gold were characterized by contact-angle
measurements'>2>2*? reflection-absorption Fourier transform

infrared (RA-FTIR) spectroscopy'®**>, and various electro- -

chemical measurements'®*', a full discussion of which is beyond
the scope of this paper. Indirect electrochemical evidence indi-
cates ~50% ligand coverage in the present (TBEA + OM) mixed
monolayers. Surprisingly high contact angles for Au/(TBEA+
OM), indicative of a rather unusual mode of film packing
(typical values: 108°, 59° and 57° for water, bicyclohexyl and
n-hexadecane, respectively, with no hysteresis) and significant
contact angle varistions are observed after Cu’* uptake and
removal. Figure 3 shows selected infrared spectra for the
Au/(TBEA +OM) system, from which a number of general
conclusions can be drawn: (1) compiexed TBEA (enol form)
can be detected spectroscopically in the monolayer on gold; (2)
the enol form is preserved upon electrochemical removal of the
Cu?*; (3) differences in the relative intensities of the various
C-H stretch peaks in Fig. 3a, b and ¢ are indicative f non-
random orientation of TBEA on the surface'®>; (4) the system
appears stable towards electrochemical treatment.

Common prominent features in Fig. 2f and g, which may be
cotrelated with structural characteristics of an ordered Cu?*.
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Fig. 3 RA-FTIR spectra of: a, Cu®*-TBEA complex in a
Au/(Cu>-TBEA + OM) electrode (specimen obtained by immer-
sion of Au/(TBEA+OM) in saturated PP
solution adjusted to pH 7.5 with sodium acetate, for 1.5 h at 40-
45 °C); b, TBEA in the electrode of a, after electrochemical removal
of the Cu®* by cycling three times in 0.1 M H,SO, between +0.35 V
and -0.75V (v. MSE); ¢, TBEA in bulk liquid. The spectra in a
and b were produced by a weighted subtraction of Au/OM spec-
trum from the sp of the respective electrodes in a and b. The
spectral features in the 3,000-2,800 cm™* regioa represent various
C—H stretch modes'®>?*. The peaks at 1,744 and 1,716 cm™* are
C=0 stretch modes of the ester and ketone functions, respectively,
of TBEA in the keto form (ref. 30, pp. 150 and 204). The features
between 1,660 and 1,510cm™" are characteristic of the Cu®*-
acetoacetate complex (ref. 30, pp. 165 and 209), the bands around
1,660 cm™ (a, b) and 1,653-1,630 cm™* (¢) thus being assigned to
the conjugated ester and double bond of TBEA in the enol form
(ref. 30, pp. 165 and 209) (see Fig. 1). The spectra in a and b were
taken with parallel polarized radiation in the reflection-absorption
(RA) mode, at an angle of incidence of 75° and a resolution of
4cm™' (ref. 19). The spectrum in ¢ was taken in the transmission
mode, at the same resolution, using a thin film of pure TBEA
between two NaCl windows.

selective monolayer barrier, are: (1) the complete absence of
Fe>*/?* peaks; (2) the absence of Cu UPD peaks; (3) the negative
shift of the bulk Cu deposition peak by ~0.25 V; (4) the existence
of a loop when the voltammetric scan direction is reversed. The
absence of Cu UPD peaks indicates that Cu atoms are deposited
inside the organized monolayer at some distance from the sur-
face, not in direct contact with the gold substrate. The shift in
the bulk Cu deposition potential and the voltammetric loop are
indicative of the preferred perpendicular orientation of the
ligand. In 2 monolayer where TBEA molecules are oriented
normal to the substrate plane (as in Fig. 1), the complexed Cu®*
jons are held at a distance of ~7 A from the Au surface, which
introduces a tunnelling barrier for electron transfer with the
underlying electrode (assuming that quantum-mechanical tun-
nelling governs electron transfer over distances of this order of
magnitude). However, reduced Cu atoms are not complexed
and may be deposited within the ligand ‘cavity' closer to the
electrode, thus lowering the energy barrier for further electron
transfer. Voltammetrically, the initial barrier is manifested as
an increased overpatential for the reduction, i.e. a negative shift
of the reduction potential, whereas the easier electron transfer
provided by the first layer of deposited Cu atoms gives rise to
an autocatalytic effect, appearing as an enhanced reduction
current (and thus a loop) on the reverse scan. Experiments with




decreasing reversal potentials (not shown) indicate that even
sub-monolayer amounts of Cu atoms may cause such appreci-
able catalytic effects.

From the negative shift of the Cu?* reduction peak
potential, observed with Au/(TBEA +OM) relative to a bare
gold electrode (Figs 2g and i), and considering a tunnelling
mechanism for the electron exchange with the metal, one can
estimate the ?otential shifts to be expected for varying distances
between Cu~" and the underlying electrode. To verify these
expectations, a new ligand molecule which contains an addi-
tional methylene group, 3,3'-thiobispropyl acetoacetate,
S(CH,CH,CH,O0COCH,COCH,), (TBPA), was prepared and
tested under identical electrochemical conditions. Assuming a
similar orientation of the two ligands with respect to the sub-
strate, the metal ion with TBPA should be located 0.5-1.0 A
further away from the gold surface than with TBEA. Indeed,
this results in a reduction peak potential more negative by
~Q.030 V for the deposition of Cu with TBPA (Fig. 2g and h),
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which agrees qualitatively with the proposed tunnelling
mechanism.

Thus we have demonstrated the possible use of spontaneous
molecular organization at liquid-solid interfaces for the prepar-
ation of solid-supported functional monolayer structures. Struc-
ture-function interrelations in supramolecular organizates of
this type appear to be advantageously revealed by
electrochemical techniques. Such artificial self-assembled sys-
tems are of particular significance in view of their resemblance
to the natural bilayer membranes (with respect to their molecular
dimensions, mode of organization, and spontaneous formation),
while offering high stability and the option of systematic
modification.
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Penetration-Controlled Reactions in Organized Monolayer
Assemblies. 1. Aqueous Permanganate Interaction with
Monolayer and Multilayer Films of Long-Chain Surfactants

Rivka Maoz and Jacob Sagiv*
Department of Isotope Research, The Weizmann Institute of Science, 76100 Rehovot, Israel
Received December 6, 1986. In Final Form: May 26, 1987

The extent of oxidation of unsaturated monolayer constituents by aqueous KMnO, is employed to probe
the penetration of ions from an aqueous phase into organized monolayer assemblies of some long-chain
acid and silane surfactants. The study comprises solid-supported Langmuir-Blodgett (LB) and self-assembled

(SA)monohyeuuwellunurmofLBbuﬂt—up(multdayor)ﬁlms the molecular architecture of which
ﬁ - phnnodmchutofumuhcvidencoonthe depth of ponotntlon of the permanganate ion into the
mnoreouot' a compact film assembly. A the structural stability and the reactivity
awm-mwm-Ammmmmmadmm
i i monolayers and multilayers of oriented long-chain
films is thickness independent, in the range between
mmmhmmwmmdmﬂmmof&ﬁmmm
stability under the action of t.hoponotnuncl ies, solely. Self-assembled monolayers are found to be
monmblomdhupoutnbhthnn pnun tly studied monolayer or trilayer LB assemblies.
multihy»mnd solid by water or by the aqueous permanganate solution
uhunhmantofdmctemmbemtbehﬂkhqmdmdthetmdeﬂymgsdldnﬂwe
nndhhrddnﬂmwnﬁtbehqundmthoﬁlm—sohdmterfm

VR

TR 5, 57 b WY

resembling, i
muir-Blodgett (LB) built-up films while displaying
distinct and rather unique features.”® Apart from their

‘ (l)BI'low W. C.; Pickett, D. L.; Zisman, W. A. J. Colloid Sci. 1948,

1,61
(2) M d. J. Colloid Int Sei. 1984, 100, 465,
(SHI)N.ML. R.; Sagiv, J. Solid Films 1983, 99, 235;
Wi

relevance in the study of molecular self-organization, in
general, much of the interest in self-assembling (SA)
monolayers stema from their potential in a wide range of
scientific and technological applications.?

So far, most of the published material on SA monolayers
has focused on their formation and structure as derived
by various phylienl methods."*® The chemical properties
and reactivity of self- uoomblmx monolayers have only
briefly been touched, mainly in relation to their binding
to the solid surfuce™™10 and to their chemical modifica-
tion, as required in the construction of planned multilayer
structures.® The present series of papers is intended to

(ﬂ(l)Chlmn.J A.; Tabor, D. Proc. R. Soc. London.Al!u 242,
The Friction and ofSohdr

Chapter X.
(B)Gun.J Iscovici, R.; Sagiv, J. J. Colloid Interface Sci. 1984, 101,
(9) FJ..CM.S L.JCouag‘lntﬂfdﬂsa lu?&l']&

All(ulgrm t.-mwlm.am ms.hm.x.m
L; Maoe, R.; Segiv, J. J. Electroanal. Chem. 1987, 319, 365.

0743-7463/87/2403-1034801.50/0 © 1987 American Chemical Society
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Penetration-Controlied Reactions

report results of a study of some model surface reactions
involving the penetration of a reagent from an adjacent
fluid phase into the inner core of a more or less ordered
monolayer structure. Useful information was derived from
a compaerative investigation of LB and self-assembled
systems, the emphasis being, however, on the latter.

The study of “penetration-controlled” reactions was
considered of particular interest for several reasons: (a)
Following the behavior of an organized molecular assembly
under exposure to a peneirating reagent may serve as a
sensitive tool for probing its thres-dimensional architec-
ture, structural integrity, and overall stability under the
action of the reagent. Information derived from such
studies is essential in the evaluation of a number of in-
teresting potential applications (scientific as well as tech-
nological) of self-assembling monolayers depending on
their performance ss molecular diffusion barriers. (b)
Information on monolayer penetrability is demanded in
the selection of appropriate synthetic strategies for the
construction of self-sssembling multilayer structures.? (c)
Conducting chemical reactions in a highly ordered and
mnouopmuvkonmnt,mhuthntprondodbyanor-
ganived monolayer assembly, has been shown to give
to various catalytic and selectivity oﬂ’octn.“'“ Thoim-
penetrability, or selective penetrability, of a given mono-
hyenylammayleldwmwemngmhdfm""' As,
in principle, the self-assembly method allows ordered
monolayers to be prepared on large-area particulate sup-
ports,? such systems might become useful in preparative-
scale synthetic applications.

The quite extensive literature devoted to the penetra-
bility ofmonolayon, including monolayers at water-gas
interfaces as well pportodbmlt-upﬁlm.pus-

mﬂymﬁudmdmm efficiency
of monolayers as molecular diffusion barriers. 19733l For

N.('ll)::hl H. Membrene Mimetic Chemistry, Wiley-Intersciencs:
wmm G. J. Colloid Interface Sci. 1983, 86, 471 and
uéu)mgwm , A.; Rosilio, C. Ann. Chim. 1978, 10,
”(g)MK;MY.;N:hmH. Thin Solid Films 1983,

(18) (a) Hoesey, B.I..Whiun.DGJAu.Chcm.Soc 1978, 100,
1293. (b) Whitten, D. G.; Raker, D. W.; Horsey, B. B.; Schmehl, R. H.;
Worsham, P. aa«mmcmms,a.mum
ences cited therein.

(16) Schmebl, R. H.; Shaw, G. L.; Whitiem, D. G. Chem. Phys. Lett.
1979, 58, 540.

(17) Bdem, Ch.; Shaked, A. Jor. J. Chem. 1978, 13, 1.
ugmmmm-;74mxa.mcum3u.xnnxm,

(19) Retardation of Bvaporstion by Monolayers; La Mer, V. K., Ed.;
Academic: New York, 1962

(30) Rose, G. D.; Quimn, J. A. J. Colloid Interfece Sci. 1968, 27, 198,
(31) Archer, R. J.; La Mo, V. K. J. Phys. Chem. 1988, 50, 200.
MM&MLJWIW.!«.IMH

(!I)!obah.ﬂ.l Colioid Sci. 1868, 11, 435 and references cited
thevein.

(34) Kuba, H.; Mobis, D. Angew. Chem., Int. Bd. Engl. 1971, 10, 620,

(25) Richard, M. A.; Doutch, J.; Whitesides, G. M. J. Am. Chem, Soc.
1978, 100, 913
“(?)N-MJ.A,;MD.G.J.MMSM. 1979, 101,

(27) Sobatha, H. J. Phys. Chem. 1968, 62, 527.
¥; Fringeli, U. P.; Mahlothaler, K.; Gasthard, He. H.
wm&mxm:.%umum
mod-.c L., Jz. Thin Solid Fiims 1909, 68, 1.
30) Quicksnden, T. l..!m.d T. J. Colloid Interface Sci. 1978,
n.cu-dm
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example, carefully prepared monolayers of saturated
long-chain fatty acids (C,, to Cy) at the water-air interface
were reported to reduce the rate of water evaporation by
factors as high as 10* relative to that from the free water
surface,® and built-up films of cadmium arachidate ca. six
monolayers thick were fo\md to block eompletely access

in LB built-up assemblies of same or similar surfac-
mu“

As built-up LB films are metastable structures, sus-
ceptible to alterations of their planned architecture,”-®
much of the apparent inconsistency found in the literature
on monolayer penetrability might originate in inherent
difficulties associated with the proper structural charac-
terization of the studied systems or in the interpretation
of the observed effects. In spite of these difficulties, one
may expect, on the basis of theoretical considerations and
existing experimental evidence, that closely packed solid-
like monolayers of long-chain surfactants, immeobilized on
a solid surface and strongly anchored to it, should behave
as efficient barriers with respect to diffusion of ions and
molecules exceeding a certain critical size. This expecta-
tion follows from the proposed mechanism of diffusion
through Langmuir monolayers at the water—gas interface,
according to which the lateral mobility of the surfactant
molecules in the layer plane is an essential factor in the
statistical formation of interchain gaps through which
water or other gas molecules may move across the
film. 1#%.% Furthermore, to rationalize the observed pen-
etrability of some solid-supported built-up films, models
were proposed invoking variable degreee of film fluidity, 2%
lateral diffusion in the interlayer hydrophilic planes,’6*
or other types of motion of the film-forming mole-
cules, P2 while rigid films of cadmium arachidate (three
to five monolayers thick) deposited on flat solids by the
LB method were reported to provide efficient protection
to the underlying surface against a number of corrosive
chemicals in aqueous solution.®

Since both the film packing density and its strength of
anchoring to the underlying solid substrate may be easily
eontrolkdandvuudmmonol:z:npupandbysponta—
neous adsorption from solution,>*® it was anticipated that

a comparative investigation of self-assembling and related
LB monolayers might help solve some of the basic ques-
tions regarding the penetrability of monolayers.

The first three papers in this series deal with solid-
supported monolayers and multilayer films of saturated
and unsaturated long-chain fatty acids and silanes (with
terminal and intrachain ethylenic double bond functions)
exposed to aqueous and organic KMnO, solutions. The
investigation was carried out in parallel on LB mono- and
multilayer films and analogous SA monolayers prepared
on several different flat substrates. Fourier transform
infrared-attenuated total reflection (FTIR-ATR) spec-
troscopy, including measurements with linearly polarized
radiation,® and wettability observations? were used to
determine the initial composition and structure of the films
and to follow the chemical and structural transformations
prodm'g. mmwthpomnmnusolu-
tions. planring experiments sought to answer
the following specific questions: (a) How stable are the

various studied film sssemblies undsr exposure to the
liquidnqut.mdwhtmthdnmiulmdmmd

(31) Belscher, D.; Ouchael, G. Z. Klectrochem. Angew. Phys. Chem.
1843, 49, 810.
(aa)du.a,u.uv 3. J. Colloid Interface Sci. 1988, 113, 457,
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transformations produced by the KMnO, oxidation of the
unseturated monolayers? How does the reactivity of a film
correlats with its structural stability? (b) How does the
efficiency of the double bond attack by permanganate
correlate with structural features of the film, such as its
denaity of packing or the location of the double bond below
the exposed film surface? (c) Are the rigidity of the film
and the immobilization of the film constituent molecules
{strength of anchoring to the solid surface) important in
preventing the penetration of the reagent into the film?
(d) What is the relative importance of molecular

interlayer film-substrate
interface? (o)mnthmhdthohydrophohneffoct’
in inhibiting penetration of ions from an aqueous phase
into the nonpolar region of the film?

The experimental material included in this first paper
in the series is intended to provide a comparative picture
of the behavior of monolayers (LB and SA) and LB
built-up multilayer assemblies, under exposure to aqueous
permanganate, while the following paper® in this issue is
devoudtondmﬂedmvemgatmnofthedquoousper-
manganate interaction with monolayer films only. The
third paper® deals with monolayer films treated with
KMnO, in organic solution.

Experimental Section

Materials. Except where otherwise stated, all materials were
identical with thoss employed in the previous work.? The
surfactants were used in the preperation of films for this
arachidic acid {Cy, CHy(CH,)1yCOOH],

[OTS, CHy(CH),-SiCl,), trmo-ls-dm acid [brassidic acid,

(¢-13)Cqe(u), CHy(CHy{CH==CH(CH,),;COOH], trans-13-doco-

unyltﬁehlorooihno [(2-13)Cqy(u)8i, CHy(CH,),CH==CH-
17-octadecenoic

CH,),,8iCl,).¥ acid [(£:17)Cyq(u), CHy=
CH(CH,);:OOOHI-"
Film Preparation and KMaO, Treatment. LB monolayer

Mw-hwlydr-drymdn
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free surface of the water or reagent solution.®

IR and Coutact Angle Measuremests. IR-ATR and contact
angle measurements were performed as described before.? The
thuuhu-:d;nthoeonmm

mmmmhmmmm
contamination of the films by traces of the test liquids.®® All
npomdnpocunmobnmdntamoluuonoflm"md

amphiphiles only
(C.,undUl"S)mahomminod,mththcpurponofdnchng
mammamwm
under exposure to the
lnaddiﬁontoapnindmnno—mdmulﬁlwumbliuwith
planned architecture, relatively thick, polycrystailine films of
(t-13)Cga(u) were also prepared on ZnSe by casting a measured
volume of the surfactant solution in chloroform on the ZnSe
surface and then letting the solvent evaporate. It was hoped that
-eunp.ntivemldyoﬁh.twotypuofﬁlmlmldnﬂo'mto

been extensively studied mainly on cis compounds, such as oleic
ud((c-s)cu(u)).ﬁrvhchthedhﬁbuuwdnnduebufamd

be pH in bulk aqueous solutions,*4! while in water
omu.lnou it is pH independent and also different from that in
homogeneous solutions.'* No significant pH dependence was
found in the oxidation of the trans double bond in elaidic acid
((t-8)Cyg(u)) in aqueous solutions above pH 9, the main products
being the ketol and diol.#* The axidation of oleic acid in mono-
hymm-dondihm-ddnmmldummnportod
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appearance of a potassium
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a reduction in the intensitiss of all other bands, following the
rinee (curve c). The origin of the 1745-cm™ peak in curve
b is not clear. It may represent & measurement artifact due to
Wdﬂuhﬂhmﬁmm‘(mm
ab,c

bndmc band at ca. 964 cm™ (914 cm™ in (2-17)Cs(u))** and the
of carbonylic functions in the 1500~1700-cm™!

ddnhmm),mnhhdwph«mmom
and structural transformations effected by the reagent on the
treated films.

The usefulness of wettability observations in the context of
the present study follows from the high sensitivity of contact
wgwmmhmwmmmmm
cules,’
on the outer film surface.

Results and Discussion
mdwmm Table I summarizes

inddh.mnetndu films
(Cgg, OTB) annd on a number of reactive multilayer films
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Figure 2. IR sheorbance and contact angles of LB film assemblies
mwmmnmddoubbbondfuncﬁom(on&ﬁd.m:md
after a 3-min exposure to permangsnate solution: 1, (¢-
17)Cy4(u) monolayer; 2, (t-17)C,,.(u) + (t-l!i)C,,(u) mixed mono-
layer {see also Figure 4); 3, (:-1)Cy(u) + Cyo mixed monolayer;
4, (¢-13)Cea(u)/(E-1T)C1p(1)/Cso/ ZinBe trilayer (see also Figurs 4):
5, Cao/ (t-l’l)C,,(.\;)({ZnSe trilayer (Figure 3). Lower part:
~CHg-, Co=(C represent ATR peak absorbances
at ca. 2019, 2966, 910, and 1540 cm™, respectively (see Figure 3)
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Figure 3. ATK {ufrared spectra of the L,Cg/Cu/(t-11)Cys
(a}/ZnSe trilayer (Pigure 2, column 5); (—) exposure to
the KMnO, reagent; (-- -) after exposure to the reagent for 3 min.

for which TR spectra were not recorded. Contact angles

obtained for some representative reactive films are also
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Figure 4. IR absorbance and contact angies of LB and SA films containing the trans-13-docosenyl moiety, before and after a 3-min
exposure to purs water and/or the KMnO, solution: 1, L,[(¢-17)C;s(u) + (¢-13)Cax(u)}/ZnSe (see also Figure 2); 2a and 2b, mm.ny

prepared of L,(¢-18)Cys(u)/ZnSe; 3, L.Cn/ /(2-13)Cga(u)/ ZnSe (Figure 6); 4, L,(¢-13)Cse(u)/(£-13)Cas(u)/OTS/ ZnSe (Figure
7; 5, L.(t-13)Cas(u) / (¢-1T)C4(u) /Coo/ ZnSe (; uo 2). 8a and 6b, identically prepared samples of L,(i- 13)C,,(u)/ Cyo/Cao/Ge

M&Gbmupoud KMnO, by the bulk L followed by withdrawal through the liquid—air interface™®
tal Section for dmn-». 1, L,b,/ (t-xs)c,,(u) Ge; 8a and 8b, identically prepared samples of A,(2-13)Cs(u)/ZnSe.
Thomtpoetnmotsbd-phy- cry:ullmeorder"s A.(t 13)Cg(u)/S|/ZnSe Lower part:
, “CHg, O=C, and -COy" WATR abwrbaneuuta.@ls 2957, 964, and 1 respectively (see Figures 5-7).

0, initi wgmmmmm-mmmmmmm Mnddhp-rt. An is the fraction
dWMMMWM&MmMW&&M*M O, relative to the initial absorbance,
mﬂ;lmwﬁwmmﬂmmememm‘madmm
2919-cm™ CH, after exposure to KMnQg 8, relative to the absorbance of the H,O-treated film, uncorrected; m, relative to the
nb-orbmeoof umdmmwmﬁudwithmmwmwcm‘omtbahorhnaotmww H’peak
cxpo-unto ;- Small negative An values (within ca. -0.05), indicating an increase in the absorbance of the 964-cm™
following the KMnO, Mmuﬁcmmmmathmmmmm Upper part: Advancmgeonwct
angles. n.m&dvﬂmqu.nm:wtoﬂgo'l.m.xpwmeomo.

The contact angles measured prior to exposure of the effect of pure water on these monolayers is similar, al-
films to H,O or to the KMnO, solution are in the range though less drastic than that of the KMnO, reagent. C,,
characteristic of highly oriented, eo;_lw monolayer (Table I, entry 25) and (¢-13)Cyy(u) monolayers display
structures of the respective A combined similar wetting properties despite the absence of reactive
analysis of the contact angles and the respective IR data double bonds in the former films.
collected after 3-min exposure of the films to the KMnO, No significant effect of water or of the KMnO, solution
solution (Figures 2 and 4; see discussion below) reveals on the contact angles of complete silane monolayers ad-
that, in general, one cannot find a one-to-one corre- sorbed on ZnSe (OTS as well as (¢-13)Cgy(u)Si) could be
spondence between the extent of oxidation of intralayer- observed (Table I, entries 27 and 20, respectively; Figure
located double bonds and the observed changes in the 4). As shown in the following paper in this issue,™ in-

respective
The wetting propertiss are found to be strongly de- of the KMnO, reasent too, while the significant drop in
pendent on the mode of film-to-surface binding, the the contact angles of an incomplete (£-18)Cyy(u)Si/ZnSe
the film (in multilayer structures), and the monolayer upon exposure to aqueous KMnO, may be as-
nature of the solid substrate. Thus, except foe (£-17)C 4(u) cribed to the oxidation of the double bonds in this film.
monolayers and mixed monolayers containing this com- The wettability of multilayer acid salt films is clearly
s i dependent on the number of layers in the film and the

which the almost quantitative oxidation of the unprotected nature of the filn-forming surfactants. Thus, LB films of
tesminal double bonds results in complete wetting by each Cyo on Ge thickee than a trilayer retain both their oleo-
dhhmlﬁg&.mmwmmm phobicity and hydrophobicity upon exposure to the
the 3-min sxposure to the KMnO, KMnO, solution (Table I, entries 23, 24), while (£-13)Cyy(u)

sclution in a menner causing only & moderate drop in their films display similar behavior only at thicknessses above
HD and BCH comtact angles, while being completely seven layers (Table I, entries 6-10). Mixed multilayer films
wetted by H;0 (Table 1, entries 16-19; Figure 4). The containing, besides Cy, (£-13)Cg(u) layers are more
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Table 1. Film Wettahility befere and after & 3-min Exposure to Pure H;O and Aquecus KMaO,

equilibeium advancing contact angle,® deg

HD BCH H,0
no. fiim initial* H,0* KMnO iitiall H,0* KMnO} iitia® H,0* KMnO/}
1 Li(t-17)Cys(u)/ZnSe “ 0 49 0 98 0
2 L{(-17Ciu(u) + Cyl/ZnSe '] 0 “ 0 8 0
38 L,[(¢-17Cys(u) + (£-18)Cys(u)]/ZnSe 38 0 42 0 8s 0
4 L,(2-13)Cqy(u) /($-17)C1y(1) /Cgy/ ZnSe “ 40 48 4 107 I
5  L,Cyu/C/(t-11C glu)/ZnSe @ 43 51 50 107 o
6 L(t-13)Cqy(u)/Ge 45 0 52 0 108 o
7 L3[(¢-18)Ca(u)]/Ge 51 0 103 o*
8  LS[(t-13)Cys(u))/Ge 51 0 105 o
9 L, 7[(2-13)Cgs(u)]/Ge 51 43 104 100
10  L.9{(t-13)Cx(u)]/Ge 50 49 103 102
11 L,(t-13)Cys(u)/Css/Cae/ Ge 45 87 0 49 41 0 104 0 o?
12 L,(t-13)Cys(1}/Cyy/Cee/Ge “ 0 48 (] 103 o
13 L.Cy/Cu/(t-13)Cos(u)/Ge 48 0 102 o
14 L,Cyy/Cyg/ (t-13)Cps{1)/Coo/Cse/ Ge 49 0 103 i
16 L,Cy/Cyp/C/Cx/(¢-13)Cys(u}/Ge 48 0 104 o’
16 L,(t-13)Cas(u)/ZnSe “ 29 35 4 45 2 105 o 0
17 Ly(t-13)Cp(u)/ZnSe 45 37 51 45 103 0
18 A,(t-13)Cy(u)/ZnSe 45 40 40 51 44 4“7 108 o 0
19 ° A,(t-13)Cas(u)*/ZnSe 43 40 40 80 41 4% 103 o 0
20 A(t-18)Cy(u)Si/ZnSe 45 45 52 51 112 12
21 L.Cy/Cp/(t-13)Cns{u)/ZnSe 43 39 49 a 104 o
22 L,(t-18)Cya(0)/(t-13)Cyy(u)/OTS/ZnSe 44 41 50 48 107 104
23  L,Cyp/Ge “ 0 51 0 1056 o
24 L3[Cy)/Ge 52 51 106 104
28 L.Cy/ % 45 50 49 105 0
26  A0TS/Ge 4 45 0 52 52 ] 1m2 m o
27  A0TS/ZnSe 45 45 “ 49 49 49 12 1 m
28 AO0TS/Si 44 4% 45 51 52 52 12 1 12
29 polycrystalline (¢-13)Cqs(u) on ZnSe
(ca. 15 monolayers-thick film)
after placing the test 45 4% 40 48 t 45 103 108 98
drop on the surface
3 min later 4 41 80
5 min later (equilibrium) 40 36 78
*The precision of the contact angle measuremants is of the order of +1° for HD and BCH and +2° for H,0.? * determined before

(initial) and after a 3-min exposure to H,O and then to the KMnO, sclution.

after removal of the bulk liquid from the surface.

¢ Partially dry
The water test drops spread on the dry as on the initially wetted portions of the surface. ¢ Yellowish precipitate left on the surface upon
treatment with KMnO,. The precipitate may be removed by gentls wiping with cotton wool, without removing the underlying organic film.
No changes are observed in the HD and BCH contact angles, while the H,0 angle grows to ca. 60° after removal of the precipitate.

*Specimen listed in column 8b of Figure 4.
wettable than pure C,, films (Table I, entries 11-15 and

24).

may be seen in Figure 4 and Table I (entries 6, 7,
11—13 16—19 21, 23, 25), the wettability of (t-13)Ca(u)
trilayer films and nnxod trilayers composed of Cy, and
(t-ls)C,,(u) hym is similar to tlnt of the rupoctm

following
(Table I, entry 22; Figure 4, column 4). This behavior is
obviously associsted with the presence of the OTS mon-
olayer underneath the acid salt bilayer in this trilayer film.

preserved: presence of incomplete
ohym(iuchﬁn: (t-la)Cg(\l)Si) with appreciably lower
packing densitiss than in closely packed structures
On the basis of all these obeervations we may conclude
that, in the absence of extensive oxidative attack of the
film, two conditions must be fulfilled in order to bring

(49) A detailed discussion of the behavior of incomplets menclayers
given ia ref 34.

about wetting by water or by the permanganate solution
of a polar solid coated with an oriented film assembly: (a)
Water must penetrate the film and reach the underlying
solid surface. (b) The mobility of the film-forming mole-
cules in the first layer adjacent to the solid surface must
not be hindered by covalent intermolecular coupling
and/or covalent anchoring to the underlying surface.
Both conditions are fulfilled in monolayers or thin-
enough multilayers of ionically bonded fatty acid salts.
Water diffusion down to the underlying solid substrate is
efficiently blocked by dense C,, films thicker than a tri-
layer, or (¢-13)Cq(u) films thicker than seven layers, 23!
which explains the ltabla hydrophobic character of such

of the surface immobilization of the silane amphiphiles,
binding. 38

Filma on Ge (Table I, entries 6-15, 23, 2¢, 28; Figure 4)
are seen to be, in general, more wettable than their coun-
terparts on ZnSe (Table I, entries 16-21, 25, 27).2 This
poinutowukunnchodn;totheGuurtmofboththo
fatty acid Cd** salts and silane monolayers. The drastic
drop in the HD and BCH contact angles, besides those of

W amr e s s
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Figure 8. ATR infrared spectra of the L.(t-la)Ca(n)/C.,/Cg/Go trilayer listed in Figure 4, column 6b: (—) before exposure to the

KMnO, reagent; (---) after exposure to the reagent for 3 min.

Ge-supported films in Table 1, except entries 9, 10, 24) are
indicative of oxidative attack of the Ge substrate, accom-
panied by migration of the reaction products across the
film onto its outer surface.

Taken togcthor,tbepruantﬁndmp,md particularly
the striking differences between ionic and covalently
bondodmonohmn,nu;gm.mechammofsuxfmwet-

mvolvmghtcmldaﬁuonoltbowathnghqmd(water)
mtheﬁlm—mbsmu interfacial region. The process is,
apparently, facilitated by the surface mobility of the film
molecules adjacent to the substrate, under the action of
the wetting liquid. Wetting of a film-coated surface may
thus be expected to affect the molecular architecture of
the film. A critical evaluation of the extent of structural
damage produced to a wattable film by its exposure to a
wetting liquid is, therefore, required.

From the moderate drop in the HD and BCH contact
angles of the acid films on ZnSe following 3 min of expo-
sure to H,0 and/or to the KMnO, solution (Table I, en-
tries 16-19, 21, 22, 25; Figure 4) we may infer that, al-
though their structural integrity must have been affected
to a certain degree, the initial packing and orientation of
the film molecules on the surface are largely preserved in
these films. This conclusion is corroborated by the analysis
of the ATR (see below) and polarized ATR3 spectra of
some of the acid salt films as well as by the reflection—
abeorption (RA) spectra of a L,(2-17)C,4(u) /Al monolayer
recorded prior and after exposure to water and to the
KMnO, solution.® Finally, spectral features indicative of
long-range crystalline order, detected in the spectra of a
number of monolayer and multilayer acid films (see below),
do not vanish upon their exposure (for 3 min) to the
KMnO, solution. This clearly indicates that the initial
molecular organization is preserved in these films, at least
withnm film domains containing & large number of mole-

A last important point to be emphasized is that, al-
though ing of a film-coated solid substrate by water
(or by the KMnO, solution) seems to require both per-
meation the film and lateral diffusion of the liquid
in the film-substrate interfacial region, wetting does not
offect detachment of the organic film from the solid sur-
face. This was demonstrated by the failure of repeated
sttempts to remove floating film material by
suction of the thick water layer left on the surface of wetted

L et e it
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specimens. Partial removal of film material from Cg
monolayers adsorbed on ZnSe could be achieved by this
procedure only immediately following their treatment with
aqueous HCl (%) or KOH (1%) solutions. As demon-
strated by the ATR spectra of HCl- or KOH-treated
monolayers (Figure 1), under these circumstances, the
removable film fraction consists of Cy molecules converted
from the initial zinc salt (COO™~ peak at ca. 1540 cm™) to
the free acid (COOH peak at 1700-1740 cm™') or the po-
tassium salt (COO™ peak at ca. 1576 cm™), respectively.
HCI- or KOH-treated monolayers were also found to loose
completely their oleophobicity (zero contact angles for HD
and BCH), which suggests a major deterioration of their
initial organization.

The thick films prepared by casting a volume of chlo-
roform solution of (¢-13)Cy,(u) on the surface of ZnSe are
polycrystalline conglomerates, as may be deduced from
their IR spectra (see below) and SEM micrographs.
Contact angles measured on such films immediately after
placing the test drope on their surface are close to those
characteristic of ordered acid monolayers. This suggests
that the crystallites have a layered structure and are or-
iented on the ZnSe surface in such a manner that their
outer layer mimics the appearance of an oriented mono-
layer of (t-13)Cey(u) molecules. Spreading of the test li-
quids in interstices between the crystallites leads to a rapid
drop in the contact angles with time, thus revealing the
heterogeneous nature of these films (Table I, entry 29).

Analysis of the IR Data. Ozxidation of monolayer
double bonds under the present conditions does not lead
to the formation of significant amounts of carbonylic
functions (see Figures 5~7). As will be shown in the
following paper in this issue, even after much longer ex-
posure times (and quantitative oxidation of the ethylenic
functions) there is no evidence for cleavage of the C=C
bond in the trans-13-docoseny! chain. The fraction of
reacted double bonds (An in Figures 2 and 4) is thus de-
termined from the relative peak intensity of the ethylenic
bending band at 964 cm™, solely.

The reproducibility of the present ATR measurements
and the observed sample-to-sample spreading of data®*?
allow An to be determined with an estimated confidence
not better than ca. 5~-10% of a complete monolayer. This
figure may vary, depending on the presence of overlapping
bands, tbenomlcvdofthcmmunmnt(mhmms
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and 5-7), and the peak intensity of the measured band®
(see Figures 2 and 4). C
Another source of error in the quantitative evaluation
of the ATR data is related to the limited structural sta- $
bility of part of the investigated films and to the expected o} .
modification of their optical properties upon exposure to
KMnO,. As shown previously,! a direct correlation of the §
measured IR-ATR band intensities with the surface con- |
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- cont tion - u;
bilayer. Curve notations are as in Figure 8.

titative, enabling certain general trends to be
on a comparative besis, within the various

systems.

Oxidstion of the Terminal Double Bond in Film
Assembiies Containing (¢-17)Cis(u). Figure 2 summa-
rizes IR and contact angle data obtained for a number of
LB film asserxblise containing terminal double bond

:
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on ZnSe.

CH, band, which may originate in traces of HD retained
on the surface of the film during the contact angle mes-
surements.5!

The second and third columns in Figure 2 show results
obtained for mixed monolayers of (t-17)C,4(u) with (¢-
13)Cg(u)nnd0,.rmhvdy The molecular packing in

is less tight than that attained in mon-

double bond of the C,, acid in the packing of the longer
Cy; and Cy acids. This is indicated by the lower contact
angles measured on theee two monolayers (Figure 2; Table
1, entries 2, 3) and by their more expanded compression
isotherms on the water subphase (not shown).
The oxidation of the terminal double bonds in the
monoh listed in column 2 is seen to be as efficient as
( 17)C;e(u) monolayer, while some protection
uom pmdodtot.hntommaldoublebondmthe
mixed monolayer with Cy (column 3, Figure 2).2 As
indicated by the intensities of the CH,, CH,, and COO~
bandn,bothmonohyoumeolummzmdssufferonly

including the two bending vibrations of the terminal
double bond, a t910and990m“,nndtheawo-ionof
weak bands in tholloo-lsoo-cm"ugion.

From the data in Figure 2 we may conclude that burying

(s1) general procedure used for the other films (see
%MMMN&hﬂhmw

pciacotbm

(52) It should be noted thet became of the very low absorbasices of the
CeC band in these mized monolayers, the uncertainty of the calculated
An veluss may be as high as 40-80% of the

{53) The reactive monolayer is adjacent to the surface of the substrate
hﬁn&heﬁmbdmhhmnﬂhﬁbm
wetting of the substrete by the reagent. In column 4 it on top of
a first Cyy monolayer but is covered by a (¢-1 ) , which
humwm.-m the inert Cyy bilsyer

‘é
il
it
il

bande, charactaristic
mmmoﬂh-m mmm
ur«h:z--h-l wmm%m

(u)lth R. G. J. Mol. Spectrosc. 1981, 7, 118 and references cited
MMM‘M C.; Rabolt, J. F.; Swalen, J. D. J. Chem. Phys. 1988, 82,
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bilayer is thus found to efficiently prevent the oxidation
of the terminal double bonds in an underlying (¢-17)Cys(u)
monolayer exposed to the permanganate reagent for a time
long enough to ensure almost quantitative oxidation of a
layer of unprotected terminal double bonds. It is also
apparent that drastic deterioration of the planned archi-
tecture of the investigated films does not occur during a
3-min expoeure to the KMnO, solution, in spite of their
complete wetting by the reagent.

Oxidation of Intrachain Double Bonds in Film
Assemblies Containing the trans-13-Docosenyl
Molety. Figure 4 summarizes IR and contact angle data
obtained for 12 film assemblies, including LB (L) and
self-assembled (A, adsorbed) monolayers, LB trilayer
structures, and a trilayer comprised of an LB bilayer de-
posited on an underlying self-assembied OTS monolayer.
The films are arranged in the order of decreasing reactivity
(decreasing An) toward KMnO,,

As expected, the mixed LB monolayer in column 1
(Figure 4) is one of the most susceptible to attack by the
KMnO, reagent (An = 0.40-0.50). However, the internal
double bond is definitely more protected than the terminal
o;n (An ~ 1.0) in the same monolayer (Figure 2, column
2).

The estimated extent of double bond oxidation (An) in
the LB assemblies on ZnSe (columns 2-5, Figure 4) varies
between ca. 10% and ca. 50% of a complete monolayer.
A comparison of the reactivity of these films suggests that
neither a (t-13)Cqg,(u) monolayer (column 4, Figure 4) nor
an inert C,, bilayer (column 3) provides significant extra
protection to the internal double bonds of an underlying
(¢-13)Cye(u) monolayer. It is interesting to note that the
highest resistance to attack by the KMnO, reagent among
these films is exhibited by the trilayer assembly in column
5 of Figure 4 (An ~ 0.10-0.20), where the reactive mon-
olayer is positioned on the outer film surface,’” as com-
pared with the lower resistance of the film in column 8 (An
~ 0.30-0.35), where the reactive monolayer is covered by

It was further s to find that, although more
wettable, films on Ge (columns 6, 7, Figure 4) appear to
be less reactive toward KMnO, than their counterparts on
ZnSe (An values between 0.04 and 0.36). As on ZnSe, the
outer (£-13)Cz;(u) monolayer in the assembly in column
6b of Figure 4 is seen to be less affected by the reagent (4n
~ 0.04) than that in the assembly in column 7 (An ~
0.05-0.20), which is covered by a Cy bilayer. From the
data in Figure 4 it is also apparent that relatively large
vanahcmmthoAnvaluumaybofo\mdbetwmdlﬁ‘erent
specimens with supposedly identical film architecture (see
columns 2a, 2b, 6a, 6b, Figure 4).

Contrary to the LB monolayer and multilayer assem-
blies, the stability and chemical inertness of the self-as-
sembled monolayers (columns 8 and 9, Figure 4) are re-
markable. Within the precision of the IR measurements
(£5% of a complets monolayer), both the silane and the
acid monolayers appear to be totally unaffected by the
3-min exposure to the KMnO, reagent.®® All spectral
features in the ATR spectra of these self-assembled
monolayers are practically invariant upon exposure to the

(mmmuwmdwhbbumm&m

similas to that of the terminal double bonds in

{2-1 u) monolayer is
ﬁuﬁbﬂyﬁn (2-17)Cy4(u) monolayer in the same assembly (Figure 2,
(88) wmmmo.mmhmmdu

not the silane
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Figure 8.
before and (---) after 2 3-min exposure to the .
resgent.® The contact angles of the silane monolayer
(column 9, Figure 4) are also invariant, while the drop in
the HD and BCH contact angles of the acid salt mono-
layers (column 8) is smaller than that observed for their
LB counterparts (column 2).

Taken together, the data in Figure 4 suggest a defect-
controlled mechanism for the permanganate attack on
double bond functions embedded in the hydrophobic re-
gion of a dense monolayer or multilayer film assembly.
Apparently, the oxidant molecules cannot penetrate into
the inner core of a highly ordered and tightly packed
monolayer structure, oxidative attack of the double bond
functions being possible only at disordered sites in the film.
According te this mechaniem, the extent of double bond
oxidation is determined by the size and density of defects
present in the initial film structure and by the extent of
structural damage produced to the film upon exposure to
the reagent. This explains the observed lack of correlation
between film reactivity (in films containing the trans-13-
moiety) and the planned molecular architecture

All acid salt filme on Ge display spectral features as-
cribable to long-range crystalline order.** This is less
obvious on ZnSe. For example, a comparison of the ATR
spectra of the rather inert assembly (on Ge) listed ir Figure

The aeld in cobumn 8
(IO)‘“ -??w s

A ﬁwarwﬂ-d structures
u‘&yr&h— me—m.mﬁ&g
sarfase undernsath it m,'EWU'ﬁlm
barrier reflosts the probability of holes or other fiim dedects being covered
u“h“ﬁmﬂdhﬁmmhbﬂh
rather thes an stractural property sscribable to its specific
moleculer architecture.

2)
L § Polycryst. ({-13)Cp{U)/ZnSe

Initial: (=) -
Affer KMnOg: (-~--)

?’ﬂt)intnndlpoetuohthick ﬂhpo{(t-l3)Cg(u)onZnSo(muxtfardctlikonﬂlmpnplntion): )

4, column 6b, with those of the more reactive one (on ZnSe)
in Figure 4, column 3 (Figures 5 and 6, respectively), re-
veals a sharper carboxylate (COO") band on Ge (at 1541
cm™), the splitting of the CH, bending band at 1467 cm™
(on ZnSe) into a doublet (at 1464 and 1472 cm™ (on Ge)),
and the presence of a triplet, at 1407, 1423, and 1433 cm™?,
on Ge, as compared with a poorly resolved doublet, at 1410
and 1423 cm™, on ZnSe. A long progression of weak bands
between ca. 1100 and 1350 cm™ is detectable in both
spectra;® however, these bands are sharper and better
resolved on Ge. Finally, the “crystallinity” of the film on
Ge appears to improve following the H,O and KMnO,
treatments (compare the 1541-cm™ bands and the doublets
around 1467 cm™ in the two curves in Figure 5), while no
such transformations are detectable on ZnSe (Figure 6).

According to these observations, the films on Ge are
ordered crystalline (or polycrystalline) structures, while
less order and uniformity of the molecular arrangement
are apparent in films on ZnSe. Crystallization of the films
on Ge is possibly facilitated by the weaker anchoring to
this substrate, as suggested by the more wettable nature
of filmsa on Ge (see discussion above). The mobility of the
film-forming molecules is, presumably, enhanced by the
H,0 and KMnO, treatments, thus promoting further
crystallization of the film.

The acid salt bilayer residing on top of a stable OTS
underiayer (Figure 4, column 4£) is expected to differ from
all other acid films, as it has no direct contact with the
underlying solid substrate. ATR spectra of this assembly
are depicted in Figure 7. Some of the spectral features
displayed by the (¢-13)Cy(u) bilayer in this film (see
difference C, in Figure 7), such as the triplet at
1402, 1423, and 1433 cm™, resemble corresponding features
in the spectra of the acid salt trilayers on Ge (Figure 5),
while the 1467- and 1543-cm™ bands resemble corre-
sponding bands in the spectra of acid salt trilayers on ZnSe
(Figure 6). These observations point to variations in the
detailed molecular organization within each of these acid
salt films. Exposure of the acid bilayer on OTS to the
permanganate solution does not produce any changes in
the appearance of its IR spectrum (Figure 7). However,
part of the film matsrial is, apparently, removed from the
surface of the substrate, as indicated by the decreased
intensities of all IR bands following the KMnO, treatment
(compare the solid and broken curves in Figure 7C). The
corrected An of this film, normalized relative to the
2919-cm* (CH,) band, indicates oxidation of ca. 19% of
the double bonds (Figure 4, column 4), while considering
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the reduced intensity of the carboxylate (COO") band at
1543 cm™ one would obtain An = 0. This means that the
observed decrease in the intensity of the C=C band in this
film may equally be ascribed to loss of material from the
surface and possible orientational effects as to partial
oxidation of the double bonds.

Two important conclusions emerge from the above
anaiysis: (a) No matter how the observed changes in the
lpecu:o(thew.emhlmmmmpreted.ltuevident

neeeeeenlyreletedtothen

8, showing spectra of a thick
eondomente of (¢-13)Cyqq(u) on ZnSe, re-
cordedbdo!eendeﬁerexpoeuretotheKMnO‘solutwn.
The amount of material in this film, estimated from the
peakebeorbenceoftheCH,bendsmundNOOcm" is
equivalent to ca. 15 monolayers. Except for the first
monolayer, which chemisorbs on the surface as the zinc
salt (see carboxylate band at 1539 cm™?), the rest of the
material in the film is polycrystalline free acid (carboxylic
bands at 1698 and 1714 cm™). The crystallinity of the film
is obvious from the sharpnees of all its IR bands, the
characteristic splitting of the 14687-cm™ (CH i)bendmg
band into a doublet, at 1461 and 1472 cm™’, and the
well-reeolvedprogreenomofmnendmbende, ox-
mdmcfromlmowlsﬁom" As suggested by its

(see discussion above). Exposure of this film to the
KMnO4eoluﬂonfor3mmmleentoleevemATRepec-

trum virtually unchanged (Figure 8), with no measurable
fraction of the double bonds being oxidized by the reagent.

Summary and Conclusions
Wetting of a monolayer- or multilayer-covered polar
solid by water or by the aqueous permanganate solution

© b eSO S SR
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requires establishment of direct contacts between the bulk
hqmd and the solid surface, through the organic film, and
lateral diffusion of the liquid in the film-solid interface.
The process depends on the presence of voids or channels
extending across the film down to the underlying solid
surface and on the mobility of the film molecules in the
first layer adjacent to the solid. Solid substrates coated
with surface-immobilized (covalently bonded) silane
monolayers are not wetted by water or by the per-
manganate solution (except on Ge), regardless of the
presence of additional acid salt overlayers.

No correlation of film penetrability, as probed by the

ueous permanganate oxidation of intralayer ethylenic
double bonds, with the planned three-dimensional archi-
tecture and total thickness of the films could be established
for a series of LB built-up films ranging from one to three
superimposed monolayers. Monolayers produced by
self-assembly were found to be more stable and definitely
leeﬂ;rnetnhlethaneechoft.hepreeenﬂyinmﬁgaudw
fi

A combined analysis of the reactivity and wetting
properties of the investigated film assemblies leads to the
conclusion that passage of ions from an aqueous phase
acroes a tightly packed monolayer or multilayer assembly
of oriented long-chain surfactants occurs only through
fortuitous structural defects in the assembly or through
defects generated under the action of the penetrating
species. An eight carbon atoms thick submonolayer barrier
my, apparently, block completely the passage of the

ueous permanganate ion, provided it is free of structural
defects and does not deteriorate upon contact with the
permanganate solution.

These findings suggest the necessity of a thorough in-
vestigation of monolayer penetrability in films not thicker
than a single monolayer. Results of such a study are re-
ported in parts 2% and 3% of this series.
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pcmuhnnﬁolthmhhtyoﬁd:dﬂppomdmhyen

mode of binding to the solid surface. Methods described in the preceding

paper in this issue are to a detailed
acids (ionic bonding)

of films of saturated and unsaturated long-chain

silanes (covalent bonding) in the submonolayer to complete monolayer range,

produced via spontanecus adsorption (self-assembly) from solution. It is shown that ordered monolayers
prepnrodmtlmrughuttmduofp.chngboblvoulmpenemble barriers with respect to the passage

of the aqueous

ion, provided their mmalngndstrmunedounotdetononuunderexpomn

permanganate
to the KMnO, solution. The leaky nature of jonic acid salt monolayers is found to correlate with their

hmhdmmmﬁhtymaqmmodn,

the remarkably higher barrier efficiencies of analogous

silane monohym is a consequence of their rigidization and stabilization through intralayer and layer-

to-surface covalen

lntroduetion

A study of the penetrability of a series of solid-supported
film assemblies, including Langmuir-Blodgett (LB) and
self-assembled (SA) monolayers, and LB multilayers of
some saturated and unsaturated long-chain acids and si-
lanes, under exposure to KMnO, in aqueous solution, was
reported in part 1 (preceding paper in this issue).! All
films described in part 1 were prepared in their tightest
modes of packing and were exposed to the permanganate
solution for a fixed period of time (3 min), within which
almost complete oxidation of unprotected (surface-expo-
sed) double bonds was observed. A comparative analysis

mntcmuthaﬁlmn.ln

m: 87 ?M'}mm«'s?fui: #o', -

0743-7463/87/2408-1045801.50/0

obtained for a number of representative LB acid salt
monolayers! were also included in the discussion of the
results.

As before,! FTIR-ATR spectroscopy (including also
measurements with linearly polarized radiation?) and
wettability (contact angle) observations were used to follow
the chemical and structural transformations produced
upon exposure of the films to the permanganate solution.

Experimental Section
All materials and exponmnul procedures employed in this
work were described in part 1.
The unsaturated silane surfactant (t-13)Cx(u)Si (see Part 1!
and ref 2 for the abbreviated notations of the surfactants and
respective monolayer systems) was prepared from brassidic acid
according to the following synthetic route:

CH,(CH,),CH==CH(CH,);;COOH ——m 2
CH,(CH;)CH=CH(CH;),,CO;CH, ——%
CH,(CH,),CH=CH(CHy),,CH,0H _‘i':_".

CH,(CH,),CH=CH(CH,),,CH,Br

CH,(CHy),CH=CH(CH,),,CH,;MgBr ;:%—
CH,(CH,),CH=~CH(CH,),,CH,SiCl,

The esterification with L(dmuthyhmmo)pyndme (DMAP)
and N,N-dicyclobhexylcarbodiimide (DCC) and the reduction to
alcobol with LiAlH, were carried out according to standard
procedures (ref 3 and 4, respectively). The bromination of the
alcobol, with carbon tetrabromide (CBr,) and tri-n-butyiphosphine
((C.Hul)al’).wupcformodneem'dmwthamothodofﬂmmd

the conversion of the bromide to the trichlorosilane
mpcrformodvhddiﬁonoﬁuGrimudmpntinuna-
hydrofuran (THF) to an excess of tetrachlorosilane (SiCl) in
benszene (C¢Hy), as described in ref 6.
Puﬁﬁatinno(thoutumdhomdnintumodmumdom

Mg/THF

product was isolated from the reaction mixture after decantstion
and vacuum evaporation of the excess SiCl, and the benzene.

The intermediates and the final product were analyzed by
standard proton NMR and IR spectroscopy. A number of weak,
broed features identified between 1500 and 1750 cm™ in the IR

(3) Nisss, B.; Speiglich, W. Angetw. Chem., Int. Ed. 1978, 17, 623,
(J)Vq.l.A.MichmuuChmmrr ME'N'LWYNL 1966;

(S)Hool..l Gilani, 8. 8. H. Can. J. Chem. 1988, 46, 88.
(6) Netser, L.; Iscovici, R.; R.; Sagiv, J. Thin Solid Films 1968, 99, 235.

© 1987 American Chemical Society
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Figure 1. IR absorbance and contact angles of SA monolayers with variahle
The first seven columns from the

to pure water and/or the KMnO, solution.

density, lne-\mdbsfmmdnﬁan&mnexpmm
represent brassidic acid absorbed on ZnSe from solutions

of relative eomuati:fm C/Cq, Co being the concentration of a saturated solution of brassidic acid in BCH.* The last two columns

column) the critical

unsaturated silane adaorbed on ZnSe at solution concentrations (C) below and above (last
required for the formation of

2 of this eompound, respectively. Lower part:

concentration complete
-ﬁ— , ~CHy, ~CamC-, nnd-CO,‘thTRpukaboorbmeuatu.zsls.m7 9684, and 1544 cm™?, respectively. (See Figures
Thomonohy«ofcolmlobdhphyl“unmml lpomdfuwru.’ummmtodmﬂgureﬂ 0, initial absorbance; 8,

mmnpn.-mmm

to KMnO,.

The enhancement of the CH, and CHj, peak absorbances

exposure
observed in columns 0.02, 0.2b, and 0.6, is, most probably, d\ntotrmofomnu: contaminants picked

(Mwmmmoxpoudto

< by immersion in the bulk liquid, followed

wmmpm-ohmou
by‘_nthdnwdthrw;hth uid-drinmtm—mdnmpmofmcnulmoeodmmthppncodmxpapor‘) Middle part:

A, relative to the absorbance of *ngn

angies for n-bexadecane (LID),

spectra of the fingl trichlorosilane product as well as its bromide
and alcohol precursors may originate in some residual ester and
carboxylate impurities. Thess impurities adsorb on ZnSe, along
with the silane surfactant (see Figure 6), but not on silicon (spectra
on 8i are not shown). No measurable effect of these impurities
ubm-ﬁ-wﬂnmlﬁﬁwydﬂn(ﬂﬂ(}dﬂ)ﬁ
monolayers could be detected (see Results and Discussion, below).

Results and Discussion

Menolayers with Variable Packing Density. Ex-
posure te KMaO, for $ min. Experiments were per-
formed with a series of SA monolayers of brassidic acid
on?a&.inﬁhonmfmnu.ssﬁ toeomplnuurfaca
coverage, and two monoiayers of the corresponding un-
mmaamﬁmmmm

. Figure 1 summarizes the IR and contact angle
datnobhinodhlmmdnﬁammofthmﬁlmto

fol it

from the decrease in the absorbance of the
absorbence,

964-cm™ peak. 0, relative to the
with respect to the observed change in the absorbance

i normalized
puk mtoKMnO‘.l.nhﬁntothonblorbomoftheH,O-mtodﬁlm uncorrected;
mmmmwmwm
nmﬂnhm(mmmﬂw),m&uﬁn;mwmmmofmmm
treatinent, may arise from the statistical
(BCH), and water. O, initisl values; &, after exposure to H,0;

tbelhlorbaneooftherupomva

of the IR measurementa. Upper ‘zn: contact
., exposure to KMnO,.

H;0 and/or the agueous KMnO, solution.

As discussed in part 1,! the fraction of reacted double
bonds (An) determeined form the relative peak intensities
ofthoethylmicbendimbmdatmcm"iuubjecttoan
uncertainty of the order of at least 5% of a complete
monolayer. At partial surface coverages, the uncertainty
in the An values is correspondingly higher. Despite this
limiation, it is still possible, from the IR data plotted in
Figure 1, toduw.chuthuhwpwmreofthomda
relating film penetrability to its molscular packing density.

Thus, an upper limit value of An =~ 0.85 is reached at
ca. 36% and 55% surface converage (intomplete mono-
layers of brassidic acid prepared with solution concen-
trations C = 0.004C, and 0.02C,, respectively). It then
drops to about 0.60-0.40, at ca. 73% surface coverage
(solution concentration C = 0.2 Cy) and finally to 0 (no
meesurshle oxidation of the double bonds) at 100% surface
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Figure 2. ATR infrared spectra of the brassidic acid monolayer of Figure 1, column 1.0b: (—) before and (-- -) after a 3-min exposure

to the KMnO, solution.

coverage (C = C,). Significant oxidative attack (An =
0.30-0.35) is observed at C = 0.6C,, although the surface
coverage reached at this concentration appears to approach
completion too. For the silane monolayers, An values of
about 0.60 and 0 are observed at ca. 60% and 100% surface
coverages, respectively (last two columns in Figure 1).

Further evidence for the penetration of the KMnQ,
solution in the monolayer-substrate interfacial region is
provided by the changes observed in the carboxylate
(COO") region in the spectra of the incomplete acid
monolayers. These consist in a variable drop in the peak
absorbance, broadening of the initial carboxylate band, and
theappeamnceofnew,broedbandsaroundleoo "1, No
such changes are observed in the spectra of the complete
acid salt monolayers (compare the COO~ peak absorbances
in Figure 1).

These results confirm the expected dependence of film
penetrability on its molecular packing density. If prepared
in their tightest modes of packing, both the acid salt and
silane monolayers are seen to provide efficient protection
to intralayer double bonds during a 3-min exposure to the
KMnQO, solution. The substantial double bond oxidation
obeerved under identical experimental conditions in the
incomplete monolayers of the same compounds is evidently
associated with the leaky structure of these films.

The changes in the contact angles, plotted in the upper
part of Figure 1, reflect not only the reactivity of the re-
spective films toward KMnO, but also their sensitivity to
water and aqueous permanganate, related to their specific
modes of binding of the surface.!

The incomplete acid salt monolayers listed in the first
three columns of Figure 1 are seen to be wetted by each
of the three test liquids following their exposure to per-
manganate. A drastic drop in the contact angles of the
hydrocarbon liquids is also observed following the exposure
of these films to pure water (see columns 0.2a and 0.2b in
Figure 1). Identical treatments applied to the complete
acid salt monolayers cause only a moderate drop in their
BCH and HD contact angles (see columns 1.0a and 1.0b
in Figure 1). All acid salt monolayers are wetted by the
permanganate solution and by water following their ex-
posure for 3 min to KMnO, or pure H,0. The wetting of
these monolayers may not be ascribed to the presence of
the double bonds, as similar behavior is displayed also by
monolayers of saturated acids, such as arachidic acid on
ZnSe (Cy/ZnSe).!

The behavior of the unsaturated silane monolayers (last

two columns in Figure 1) is distinctly different from that
of the acid salt films. There is practically no effect of the
KMnOQ, treatment on the wettability of the complete silane
monolayer (Figure 1, last column), while a large drop is
observed in all contact angles of the incomplete one.
However, unlike the acid salt films, complete wetting by
water was never observed with surfaces coated by silane
monolayers. The water contact angles displayed by the
incomplete silane monolayer remain, thus, relatively high
even after its treatment with permanganate.

We may conclude, on the basis of these observations,
that only covalently bonded (silane) monolayers allow a
direct relationship to be established between the extent
of double bond oxidation and the drop in their water
contact angles. The wettabilty of the ionic (acid salt)
monolayers is a more complex function of their reactivity,
the penetration of water into the film, and its lateral
diffusion in the monolayer—substrate interface.! The latter
process clearly depends on the surface mobility of the
monolayer-forming molecules under the influence of an
aqueous environment.! This interpretation is consistent
with the observed insensitivity of surface-immobilized
monolayers of saturated silanes to treatments by water
and/or aqueous KMnO,, regardless of their degree of
compactness. Thus, exposure of an incomplete (ca. 78%
surface coverage) monolayer of n-octadecyltrichlorosilane
(OTS) on Si to the KMnOQ, solution for 3, 10, and 60 min
produced no detectable changes in its contact angles (H,0,
103°; BCH, 46°; HD, 43°).

Finally, it would be of interest to note that, as far as [R
spectroscopy may reveal, no major structural modifications
appear to necessarily accompany the wetting of acid salt
monolayers by the aqueous permanganate solution. This
is particularly well demonstrated in Figure 2, showing
IR-ATR spectra of the complete brassidic acid monolayer
listed in Figure 1, column 1.0b, taken before and after its
exposure to KMnO,.

The appearance of the spectra in Figure 2 is “unusual”,
displaying features normally not observed in acid salt
monolayers on ZnSe®’ (compare with curve a in Figure 5).
Thus, all spectral bands in Figure 2 are sharper, the COO~

(7) SA acid salt monolayers displaying “unusual” spectra, as in Figure

2, ware occasionally produced on ZnSe plates when used for the first time

in monolnyor adsorption. Atumpu to reproduce such spectra on a

plste after removing a first- .dsorbod monolayer have con-

mndyml-d The conditions required to p te formation of such
“unusual™ monolayers are under current mvunptwn
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O’gh-ofSAlndLBeomlmmnuoh yers, measured before and after a 3-min exposure to pure
KMnOg 1, A, ZnSe; 2.L.Cn/ZnSe 3 A,(t-lS)Ca(u)Sl/ZnSe 4a and 4b, A,(2-13)Cg(u)/ZnSe; 5a and 5b,
The films in columns 3, 4a, and

4b are the same as in the last column and columns 1.0a

Figure 1, respectively. All other notations are as in Figure 1.

band is shifted ca. 4-8 wavenumbers to the red and its
peak absorbance (at 1538 cmn?) is almost threefold higher
than that usually observed (Figure 1), the CH; bending
band is shifted from 1467 to 1463 cm™, the 1409-cm™ band,
ascribed to the vibration of the CH, group adja-
cent to the carboxylate? (see curve a, Figure 5) is missing,
and a new band is now present at 1398 cm™. The peak
absorbance of the C==C band at 964 cm™! is also higher
than that normally observed (Figure 1), and an unusually
long progression of well-resolved twist and wag methylene
bands is vigible between 1072 and 1338 cm™. All these
features are indicative of a highly ordered and rigid
monolayer structure, possibly &lnymg long-range crys-

talline order in the layer plane.

The initial ordered structure of the acid salt monolayer
in Figure 2 appears to be preserved upon treatment with
aguecus permanganate, as the two curves, taken hefore and
after the exposure to KMnO,, are virtually identical.
Additional evidence, indicating only minor alterations in
the orientation of the paraffinic chains of this monolayer
upon treatment with aqueous permanganate, is furnished
by ATR measurements with linearly polarized radiation.

The dichroic ratios? (4  /A,) in Table 1, measured for
a number of representative films of brassidic acid on ZnSe,
are indicative of preferential perpendicular orientation (on

(B) Gun, J.; Iscovici, R.; Sagiv, J. J. Colloid Interface Sci. 1984, 101,

(O)Itlhmldbtnohdthnnhommﬂ‘\m2diﬂufmm
LB multileyer films of the Cd** salt of brassidic acid on Ge.?
’!'Indwbhu centered at l“?mdlﬂsm‘intb.mulﬁhyor spectra
(Fi‘unlsmnﬂ)m of a multilayer crystal structure with
two molecules per unit cell. No such band splittings are observed in
Figure 2, which would suggest the existence of a distinct monolayer
crystalline structure with only one molecule per unit cell. The present
mrddmmﬁmmdiadomfounmbhlmnngemummwdu
in self-assembied monolayer films.

Table 1. Polarized ATR Measurements of Some
Representative (£-13)Cy(u) Monolayers on ZnSe: Dichroic
Ratice (A ;/A,) at the Peak Absorbance of the
Antisymmetric (ca. 2919 em™) and Symmetric (ca. 2850
cm™) Methylene Stretching Bands*

AL/A

&

oﬁcl:‘m;zte ca. 2919 cm™! ca. 2850 cm™!
mongluyer) initialé H,0¢ KMnO; initial* H,0° KMnOf
L (100%) 1102 1.002 1123 0.966
A (100%) 1188 1160 1060 1222 1.166 1.080
A* (100%) 1046 1084 1066 1139 1194 1172
A (13%) 0980 1000 1.020 1.000 1030 1.030

*The theoretical dichroic ratios expected for perfect perpendi-
cuhrandnndomomntahonofthapcnﬂimcchamsml237md
0.970, respectively.? *L stands for LB and A for SA (adsorbed)
monolayers. ¢ Dichroic ratios were determined before (initial) and
after & 3-min exposure to pure H,0 and then to the KMnO, solu-
tion. ¢The “unusual” brassidic acid monolayer of Figure 2.

the layer plane) of the chains in the complete monolayers.?
Significantly lower dichroic ratios were obtained for the
“unusual” monoliyer as compared with those of “normal”
ones, particularly in the 2919-cm™ band (see also ref 2),
which would suggest a tilted chain arrangement in the
former. The normal SA monolayer in Table I also displays
somewhat better perpendicular chain orientation than the
LB monolayer.'® As expected, the incomplete SA mon-

(10) Aq\unuhmwdunonofthochnnonomaon from polarized
TR measurements, as those presently reported, is subject to consider-
sble uncertainty dus to the low sensitivity of such measurements to
orienunondoffmundthonhﬁwlyhm tal error associated

with the determination of the diehmc ratios.?
(11) A similar peak at 1745 cm™ was previously observed following
%l?{qﬂ"tt'h‘:: A sutursted acid salt monoh“yur (Cg/ZnSe) with aqueous
band may t & base line artifact or; ting in re-
sidual ZnSe contributions. W winating

VPORERY YN
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Penetration-Controlled Reactions

olayer (ca. 73% surface coverage) is less ordered than each
of the complete ones (lowest dichroic ratioe in Table I).

The significant drop in the dichroic ratios of the LB and
normal SA monolayers following the water and per-
manganate treatments suggests significant deviations from
the initial orientation or partial randomization of the pa-
raffinic chains in these films. An opposite trend, ie., a
small increase in the dichroic ratios, is observed for the
unmulandmoomphtomonohyen,wmthatonly
minor orientational changes, possibly leading to slightly
mpmodporpendmﬂnomtahonofthechnm occur
in these films upon treatments with water and per-
manganate. This improvement in the chain orientation,
particularly in the incomplete monolayer, may arise from
a hydrophobic effect inducing chain association in the
water-treated films.

The main results of the experiments with dense (com-
plato)monohymexpoudtoKMnO.forsmnmm

left to right) of increasing susceptibility to KMnO,. The
first two columns include monolayers of the saturated
surfactants, OTS and Cy, and the last one an acid salt
monolayer with exposed outer double bonds.!

A point of interest in Figure 3 is the significantly lower
penetrability of the SA unsaturated acid salt monolayers
(columns 4a, 4b) as compared with their LB counterparts
(columns 5a, 5b). The drop in the CH; absorbance of the
LB monolayers in columns 5a and 5b of Figure 3 points
to the structural damage produced to these films by the

te treatment. No such changes are observed
in the spectra of the saturated (Cy) LB monolayer (column
2). The latter monolayer also exhibits invariant BCH and
HD contact angles, although its complets wetting by water
following the KMnQ, treatment is similar to that of the
unsaturated acid salt monolayers.

The superior behavior of the silane monolayers (columns
1 and 3 of Figure 3) is evident from the invariance of both
their (I)R spectra and contact angles upon exposure to
KMn ‘-

Exposure to KMnO, for Times Longer Than 3 min.
Figure 4 summarized IR and contact angle data obtained
during exposure of complete SA monolayers of brassidic
acid and the ing unsaturated silane to aqueous
permanganate for periods of time varying between 3-60
and 90 min, respectively.

‘The gradual disappearance of the deuble bond band at
964 cm™! (reaching An ~ 0.87 at 60 min of exposure) and
the concomitant monotonic drop in the respective BCH
and HD contact angles (the H,O contact angle falls to zero
already at 3 min of exposure) provide unequivocal evidence
for the slow oxidation of the double bonds in the acid sait
monolayer. The oxidation process does not involve
cleavage of the paraffinic chains!? or depletion of the film,
s indicated by the invariance of the CH, band absorbance
(An = 0 for CH,).

In contradistinction to the acid sait monolayer, no sig-
nificant oxidation of the double bonds could be detected
in the silane monolayer, up to a total exposure time of 90
min. The contact angles are also seen to be stable, except
for a slight decrease that might be due to eventual ad-
sorption of trace impurities on the exposed film surface.

1t is clear from these results that only covalently bonded
silane monolayers maintain their barrier efficiency over
long times of exposure (hours) to the penetrating reagent,
although densely packed acid salt monolayers may show

(12) Maoz, R.; Segiv, J. Thin Solid Films 1988, 132, 135.
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Figure 4. Spectral and contact angle changes measured upon
exposure of complete monolayers of A,(t-13)Cy(u)/ZnSe (open
points) and A,(¢-13)Cx(u)Si/ZnSe (solid points) to the KMnO,
loluuon,fort.homdwnudpenodsofume. Lower part: An defines
the ohserved decrease in the IR absorbance relative to the re-
spective absorbance measured before exposure to KMnO,, with
-CH;~ and -C=C- repreuntmg ATR peak absorbances at ca.
2919 and 964 cm™!, respectively. Upper part: Advancing contact
angles. @ and O, bicyclohexyl (BCH); a and A, n-hexadecane
(HD); @ and q, H,O The size of the displayed data points
indicates the estimated reproducibility of the IR and contact angle

measurements.

similar behavior over times of the order of several minutes.

IR spectra corresponding to part of the data points in
Figure 4 are given in Figures 5 and 6. For comparison,
spectra of incomplete monolayers of the respective com-
pounds, taken before and after 3 min-exposure to the
permanganate solution, are also reproduced in the upper
parts of Figures 5 and 6.

The gradual disappearance of the double bond band at
964 cm™ and a slight broadening of the CH, bands around
2900 cm™!, pointing to partial disordering of the paraffin
chains, are clearly seen in the spectra of the complete acid
salt monolayer (curves a-d in Figure 5). The 964-cm™!
band of the incomplete acid sait monolayer disappears
almost quantitatively within a 3-min exposure to KMnO,
(upper curves in Figure 5).

In addition, mejor changes are also visible in the 1500—
1750-cm™ spectral region in Figure 5. There is a drop in
the peak absorbance of the carboxylate band at 1544 cm!
with the appear.nce of a new peak at 1556 cm™!, which
becomes dominant after a 60-min exposure to KMnO,
(curve d). A strong, broad band around 1618 em™ is visible
in the curves recorded after 15, 20, and 25 min of exposure
to KMnO, (curve c). Finally, a new band centered at 1745
cm™ is present in curve d'! of Figure 5.

The peak at 1556 cm~! may be ascribed to the formation
of potassium carboxylate species.'3 The origin of the

(13) Carboxylate peaks at 1558 cm™' wers observed in the IR spectra
ofbullmmuunﬂ-ohmrfwrmobﬂuod potassium
carboxy! produced by the organic KMnO, oxidation of (t-
13)C.,(u)su§ i

e atat el
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Figure 5. Lower part: ATR infrared spectra of the brassidic acid
monolayer of Figure 4 corresponding to (a) 0, (b) 3, (c) 15, and
(d)OOmmofexponmmtheKMnO solution. Upper part:
Spectra of the incomplete bramidic nm&monohyeroﬂ’iml,
first column, taken before (lower curve) and following a 3-min
exposure to the KMnO, solution.

other spectral features in this region is not well understood;
however, most of them appear to originate in interactions
of the KMnO, solution with the ZnSe surface rather than
with the monolayer double bonds. Thus, the strong
1618-cm band in curve ¢ of Figure 5 may not be attrib-
uted to double bond oxidation products, as ca. 80% of the
double bonds are still intact at this stage of the reaction
(Figure 4; see also the C=C peak at 964 cm™ in curve ¢
of Figure 5). Furthermore, broad spectral features of
variable intensity and distribution are found between 1500
and 1750 cm™ in all spectra of incomplete acid salt mon-
olayers following their treatment with aqueous per-
manganate (see spectra of the incomplete monolayer in
Figure 5) as well as in the spectrum of an uncoated ZnSe
plate after being exposed to an identical KMnO, treat-
ment. No correlations could be sstablished between the
intensity and spectral distribution of these bands and the
density of reactive double bonds in the respective films.

Except for the drop in the 964-cm™ (C==C) absorbance
of the incomplete monolayer, practically no other changes
are obesrved in the spectra of the silans monolayers fol-
lowing their trestment with permanganate (Figure 8). The
CH, and CH, bands around 2800 ¢cm™! are invariant in both
the complete and incomplete silane , like the
broad bands around 1102 and 1033 cm™, ascribable to

AL131Co(UISi/ ZnSe ;
006}
ncompiete (60 4
L R (OO ey :
Lh
003 §
PO
)
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~|
§().er
< (x2}
e

o

5;

€8st ]
oan )¢ :
s 3
&

a

2975 2825 725 1575 1428 P75 125 a7s
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Fi(nnt. Lower part: ATR infrared spectra of the unsaturated
monohyerofFuun(eomlpondmcto(l)O(b)s and
(c) 30 min of exposure to the KMnO, solution. A curve similar
to ¢ was recorded after 90 min of exposure to KMnO,. Upper
part: Spectra of the incomplete silane monolayer of Figure 1 taken
bclfm(lowuam)andfolbwincns-minwmthmno.
solution.

Si-0-8i and Si—O-surface bonds,>!* and the progression
of weak bands between 1178 and 1274 cm™, characteristic
of paraffinic chains in the extended all-trans conforma-
tion.>*¥ These obeervations provide evidence for the
structural stability of the silane monolayers under exposure
to aqueous KMnO,. The presence of the band progression
between 1178 and 1274 cm™ also in the incomplete silane
mmdnw(ﬁgms,upperpan)isindieaﬁveofapnrﬁaﬂy
ordered islandlike molecular distribution in this film.!51¢

Themcnmentoﬂhewukfentmuvmblemaﬂcurves
in Figure 6 between 1500"dRd 1750 cm" is more proble-
matic. The band around ca. 1730 cm™ was previously
ascribed to a residual ZnSe contribution.!* However, a
weak band centered at about the same wavelength, in
addition to some broad features around 1575 cm™, has also
been identified in the spectra of bulk (£-13)Cqy(u)Si as well
as of its bromide and alcohol precursors. These features
might originate in some residual ester and carboxylate
impurities carried along with the (¢-13)Cqg,(u)Si material
(see the Experime.atal Section, above). The presence of
these impurities does not appear to have any measurable
effect on the penetrability or the stability of the respective
silane monolayers.

i

Summary and Conclusions
Conclusive experimental evidence has been provided
demonstrating the dependence of monolayer penetrability

(M)Wl Rubinstein, L; Maos, R.; Segiv, J. J. Elsctroonal.
Chem. 1987, 219, 385.

(18) Garoft, S..l-lnll.R.B..Dochnn.H.W Alvarss, M. S. Proc.
Electrochem. Soc. 1988, 85-8, 112.

(16) Coben, 8.; Neaman, R.; Sagiv, J. J. Phys. Chem. 1988, 90, 3054.
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on its molecular packing density and structural rigidity.

Densely packed monolayers of long-chain amphiphiles
could be produced on solids by spontaneous self-sssembly
from solution, bebaving as efficient impenetrable barriers
with respect to the pazsage of the aqueous permanganate
ion. Permeastion of ionic species from aqueous media
through such solid-supported monolayers is demonstrated
to be a defect-controlled process.!” The barrier efficiency
of highly ordered monolayers of this type is, ultimately,
determined by their long-term structural stability, which
is, in turn, a function of their specific mode of binding to
the solid surface. Thus, the performance of eovalently
bonded monolayers (silanes) is remarkahly superior to that
ofnnnlogommlcﬁhm(aadulh),thod:ffmbotmn
the two types of films correlating with former's structural
stability versus the latter’s deterioration upon prolonged
contact with the solution of the penetrating species.

Complete monolayers of unsaturated long-chain acid
salts prepared for the present study by spontaneous
self-assembly (SA) from solution were found to be less
penetrable than their LB counterparts. This is a conse-
quence of the higher degree of perfection and structural
stability of the SA monolayers.

Taken together, the present and previously reported!
spectral and wettability data suggest a rather intricate
mechanism for the wetting of acid salt films by water and
aqueous KMnO,. The wetting process obviously involves
both penetration through voids across the film and lateral
diffusion of the wetting liquid in the monolayer-substrate
interface. This requires sufficient surface mobility of the
film-forming molecules. However, as demonstrated by the

1051

IR data, wetting of a film-covered surface by the KMnO,
solution is not necessarily accompanied by detectable al-
terations of the initial film structure or by significant ox-
idation of intralayer double bonds. It thus appears that
thepmmofthowemnghqmdmoutheﬁlmoecurs
through a limited number of pinhole defects, while its
lateral diffusion in the film-substrate interface is mediated
by the coupled motion of relatively large numbers of
film-forming molecules. Electrostatic factors might also
play a role in the wetting of the ionic films. Finally, the
nonwettable character of the silane monolayers, including
the incomplete ones, is, obviously, a consequence of their
surface immobility, resulting from intralayer and layer-
to-surface covalent bonding.

The present resuits emphasize the key roles of film
structural stability, besides its structural perfection, in the
engineering of efficient monolayer barriers.'” The use-
fulness of “penetration-controlled”™ reactions, in conjunc-
tion with wettability observations, as indicators of the
penetrability of monolayer films is demonstrated.
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Thermally Induced Disorder In Organized Organic Monolayers on Solid Substrates

Siduey R. Cohen, Ron Naaman,* and Jacob Sagiv*

Department of Isotope Research, The Weizmann Institute of Science, Rehovot 76100, Israel
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mummwmmmawmmmmmuumum
measurements is reported. Three different substrate-monolayer interactions—covalent, ionic, and physical bonds—were
investigated. Both Langmuir-Blodgett and self-assembly techniques were used. With the exception of covalently bound
octadecyitrichlorosilane, all species underwent a large, irreversible randomization at around 110 °C. Although heating affected
sh;htdinrmutionofthechmmOTS mshrpphwmuonchnmucon melting process could be detected
for temperatures up to 140 *C. The importance of head group immobilization in the thermal stabilization of monolayer
structures is demonatrated.

Intreduction by changes in the friction coefficient' and observed by electron

Ordered monolayers of long-chain organic amphiphiles are of diffraction? and Penning ionization spectroscopy.’ In addition,
interest theoretically, for poteatial applications, and because of melting of a seven-layer built-up film has recently beenreyoned
their similarity to biological membranes. The chains can be by using FTIR (Fourier transform infrared) The
sttached to hydrophilic or hydrophobic substrates through the literature lacks information on the effect of the substrate-mon-
polar head or the alkyi tail. There exist many variations in the
polar head groups and the type of bond made to the substrate.
The effect of thess variations on monolayer structural stability 1) Bowden, F. P.; Tabor, D. The Friction and Lubrication of Solids;
has sot been thoroughly studied. The effect of temperature on W&’%‘.&%’m R, Soc. London, 4 1987, 242, %,
such films is of particular interest. Thermally induced phase (3) Harado, Y., Ozaki, H.; Obno, K. Surf. Sci. 1984, 147, 33660,
transitions in solid-supported monolayer films have been detected (4) Nassll, C.; Rabolt, J. F.; Swalea, J. D.J. Chem. PAys. 1908, 82, 2136.

0022-3654/86/2090-3054501.50/0 © 1986 American Chemical Society
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TABLE I: Advancing Centact Angles (deg) Moasured before (Initial) and after Heating and Cocling to Ambient Temperacure (Final)°
initial final
film type H,O HD BCH H,0 HD BCH
trilayer HS5£2 471 53%1 109 %2 a1 48 £ 1
Cy (LB) 108 & 2 43x1 491 100 £ 2 3242 41 %2
Cxn (SA) 105 &2 4521 511 97 k2 30&2 9x2
OTS (SA) 11342 61 511 113£2 LLE B S1£1
OTS (SA, PH 10242 a2%1 2% 102 £ 2 42+ %1

VWAVENUMBERS (cm')

Figwre 1. Spectra of the cadmium(II) arachidate bilayer on OTS ob-
tained by mathematical subtraction of OTS/Al spectrs from those of the
cadmium(ll) arachidate/cadmiwm(Il) arachidate/OTS/Al trilayer.
Eﬂeaoflemmm(mdmudonspmn) in the two spectral regions
is seen. Approximate positions of the observed peaks are as follows: {A)
CH, », (2962 cm™) and », (2935 and 2876 cm™); CH; », (2920 cm™)
and », (2850 cm™); (B) CH, § (1465 cm™), COO" », (1432 cm™'), and
¥, (1540 cm™); progression (1150-1450 cm™).

olayer bonding in such phase transitions. In this Letter, we wish
to present preliminary results of an FTIR and wettability study
mtheeﬂeaoftmwammmthesmreofmnmdwumc
monolayers of long-chain Emphasis has been placed
onthgmﬂmofmonohyer—subnntemdmmhyermm
tions.

The utility of FTIR spectroscopy, in the reflection-absorption
mode.fadetecﬂn.ormﬁaulch&uinmmhmonmeul
mirrors has been well documented. Because only those vi-
brational modes with components perpendicular to the surface
are excited, any changes in a long chain’s orientation relative to
the substrate can be easily observed. When an alkyl tail is oriented
normal to the surface, the methylene stretching modes are parailel
to it and thus cannot be detected. Anheormhmislou.thse

the FTIR resuits.
For long-chained amphiphilic monolayers exposing CH; groups,
disorientation results in contact angles significantly lower than

(5) Coben, $.; Naamea, R.; Sagiv, J. hmqt&hllm
tional Conference on Langmuir~Biodgent Filme, Schensctady, NY, 1~4,
1983; Thin Solid Flims, in ety

(6) Gua, J.; Iscovici, R. , 3. J. Collotd Sci. 1984, 101, 201.
(7) Allars, D. L.; Nuzzo, R. G. Longmuir 1988, |, S2.

Figwre 2. Spectral changes in the C-H stretch region of OTS/Al upon
heating and ing, showing complete (A) and pertial (B) monolayers
(see text). Peaks are identified in Figure | caption.

the values characteristic of well-oriented layers.%® The wettability
of monolayer-covered surfaces may thus be used as a valuabie
tool in the detection of structural transformations in such fi'ms.

Experimestal Section

Sample preparation was by techniques previously described.5%
Briefly, the mirror substrates were formed by vacuum evaporation
(Edwuds evaporator) of the pure metal onto specially cleaned
glass slides. Seif-assembled (SA) monolayers of
n-octadecyltrichlorosilane (OTS) and arachidic acid (C,y) were
prepared on Al by adsorption from solutions in bicyclohexyl.
Langmuir-Biodgett (LB) monolayers of cadmium(II) arachidate
were transferred to Al and Ag substrates by using standard
techniques. A trilayer film was also prepared by building up two
LB monolayers of cadmium(II) arachidate on top of 2 SA OTS
monolayer. Thus, the alkyl tail of the first LB layer faces the
alkyl tail of the OTS, and the alkyi tail of the second LB layer
points outward, leaving the polar head groups of the two chains
situated in the center of the LB bilayer.

Spectral measurements were made with a Nicolet MX-1 FTIR
spectrometer, as descrided previously.® A constant purge of
cleaned nitrogen preveated IR-absorbing contaminants from en-
tering the spectrometer and lessened any probability of oxidation
at the higher temperatures. A polarizer was used to select the
parallel to the plane of incidence component. Signals were av-
Mfammmmmmmmmm
the appropriate refereace (blank mirrors + polarizer). The sample
mirrors were backed by resistively heated copper blocks. Tem-
perature was monitored with a thermocoupie.

Contact angle measurements were performed by placing drops
of the respective liquids on the slides under ambient conditions
and meesuring the contact angle with a goniometer.! The readings
were made both before heating and after heating to the maximum
temperature used in the FTTR measurements and then recooling.

(8) Maoe, R.; Sagiv, J. J. Colloid Imerface Sci. 1984, 100, 465.
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Figare 3. Spectral changes in cadmium(il) arachidate monolayer on
aluminum upon heating and recooling. For description of peak identitics,

soe Figure 1 caption.

The results are displayed in Table I for the monolayers on Al
substrates.

Results and Discusgion

Representative spectra of two extreme cases—cadmium(II)
arachidate bilayer on OTS and OTS monolayer—are shown in
Figures 1 and 2, respectively. Contact angles are displayed in
Table 1. The cadmium(II) arachidate bilayer in the trilayer
sampie represents the weakest film-to-substrate bonding: van der
Waals attraction between the hydrocarbon tails of the respective
(OTS and cadmium(II) arachidate) chains. The results (Figure
1) are similar to those obtained for the seven-layer cadmium(IT)
arachidate LB film on Ag.* The progression between 1150 and
1450 cm™!, characteristic of fully extended chains, as well as the
COO" stretching at 1431 and 1540 cm™! and the CH stretching
bands around 2900 cm™, changes moderately up to ca. 100 °C.
Between 100 and 130'C a more abrupt change in the respective
band intensities occurs, indicative of randomization of both the
hydrocarbon chains and the COO~ head groups. Significant
reversibility in the orientation of the cadmium(II) arachidate
bilayer is observed upon recooling (see also Tabie I).

The Cy monoleyers, both SA and LB, represent an intermediate
case of bonding. By using LB monolayers of cadmium(IY) ara-
chidate on two different substrates, Al and Ag, and additionally
8 Cy SA arachidic acid monolayer on Al, we prepared three
mohyutypamthmmumummeenthem The
self-assembled C,y monolayer is either physisorbed or ionically
bound %’ The cadmium salt, although transferred as a neutral

species, carries potential for ionic bonding.” LB monolayers of
the salt were transferred to both aluminum and siiver substrates
in order to distinguish between varying substrate influences.
Although the COO™ stretch spectral region varied among these
different monolayers, the main features of the randomization
process observed in the C-H region were essentially the same.
The cadmium(II) arachidate monolayer on aluminum is shown
bere in Figure 3 as a representative example. The COO™ stretch
region in Figure 3B shows broad features, presumably due to the
interaction of the head groups with the Al surface, as discussed
in ref 6. No significant variations are obeerved in this spectral
region up to 125 °C, suggesting that randomization of the pa-
raffinic chains is not accompanied by significant changes in the
moﬁ.hehudm hthneaaemversﬂnhtyuobaerved
neither in the spectral features nor in the contact angles (Table
I) upon recooling.

The covalent bonding of OTS represents the strongest film-
substrate and intralayer interactions.®* Both complete and
less-ordered partial (ca. 60% coverage) monolayers were prepared.
The partial monolayer appears to have an orientation only slightly
worse than that of the full monolayer (Figure 2). This supports
evidence that incomplete monolayers form in partially ordered
islands rather than as a sparse, homogeneous layer.! Spectral
changes upon heating arc far less dramatic for both the complete
and partial OTS monolayers, no discontinuities ascribable to
significant disorientation being detected. In accord with the
spectral dats, the contact angles were invariant.

In summary, several effects were observed upon heating and
recooling of the films. The first effect, below certain critical
temperatures, is gradus! disorder—largely reversible upon re-
cooling as in multilayer assemblies.* This probably corresponds
to thermal excitation of vibrations. For the covalently bound OTS
monolayers this effect was very weak and the only observed change
up to 140 °C. The second effect, identified in the Cy monolayers
above ca. 100 °C by randomization of the paraffinic chains, is
indicative of complete collapse of the monolayer structure. This
may be ascribed to a melting phase transition.* The C, bilayer
on OTS also undergoes this melting transition above ca. 100 °C.
However, it displays significant structural reversibility upon re-
cooling from the melted state (130 °C), probably induced by the
stable OTS monolayer.

Melting of an oriented and densely packed array of long-cham
amphiphiles implies a finite volume expansion, which would require
some degree of mobility of the polar head groups. Immobilization
of the head groups by covalent intralayer and layer-to-substrate
bonding, as in the OTS/Al monolayers, may thus be expected to
prevent meliting of such films. The higher thermal stability
presently reported for the OTS monolayers supports this notion.
Further work is now in progress in an attempt to elucidate the
role of head group immobilization in the thermal stabilization of
monolayer structures.
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COVERAGE OF Si SUBSTRATES BY SELF-ASSEMBLING
MONOLAYERS AND MULTILAYERS AS MEASURED BY IR,
WETTABILITY AND X-RAY DIFFRACTION*

M. POMERANTZ T AND A. SEGMULLER

1BM Research, Yorktown Heights, NY 10598 (U .S.A.)

L. NETZER AND 1. SAGIV

Isotope Depariment, The Weizmann Institute of Science, 76100 Rehovot ( Israel)
(Received June 11, 1985; accepted July 4, 1985)

A study is presented of the amount of coverage of Si substrates by monolayers
and multilayers of molecules deposited by the seif-assembling technique. Self-
assembly was achieved by chemisorption of silane compounds from solutions, on to
smooth n-Si substrates. The coverage was examined by IR absorption, wettability
and X-ray diffraction. For n-octadecyltrichlorosilane (OTS), prepared as a single
layer, the coverage appears to be close to 100%. For a monolayer of a silane~methyl
ester, containing 24 carbons (C,,SME), the coverage is at least 90%. A film
comprising three layers of C,,SME molecules could be modeled by a mixture of
two- and three-layer regions.

1. INTRODUCTION

Spontaneous adsorption (chemisorption) of appropriate amphiphiles from
organic solution has been shown to allow the formation of ordered monolayer films
on a variety of polar solid surfaces'=3. Recently, this monolayer self-assembly
process, combined with a chemical activation procedure serving as an externally
controllable trigger, was used to construct planned multilayer structures similar, in
some respects, to solid-supported Langmuir-Blodgett (LB) built-up films*. An
important difference between the two types of films, aside from their fundamentally
different mode of assembly, is related to the fact that the self-assembling multilayer
structures are obtained as covalently bonded (both intra- and interlayer) networks
of remarkable physical and chemical stability. The molecular arrangement and final
overall architecture of such systems may thus be expected to reflect the interplay
between the various weak as well as the strong forces operating during the
spontaneous formation of each monolayer on the solid substrate. Sterical and
electrostatic factors should play important roles in the process.

The present paper addresses the question of whether the coverage of the

* Paper presented at the Second International Conference on Langmuir-Blodgett Films, Schenect .dy,

NY, US.A,, July 1-4, 1985,
+ Address correspondence to this author.
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substrate by such a self-organized monolayer is complete. For this purpose we have
applied X-ray diffraction methods®, compiemented by quantitative Fourier-
transform IR attenuated total reflection (FTIR-ATR) and wettability measure-
ments. The substrates chosen were Si because polished wafers that are excellent for
X-ray measurements are readily available, and the ATR plates were also of Si.

The adsorbed molecules chosen were n-octadecyltrichiorosilane (OTS, CH,—
{CH,), ,—SiCl,) and a long-chain silane-methyl ester (C,,SME, CH,—0—CO—
(CH,),,—SiCl,), and of a trilayer film of the latter. OTS is, to date, the amphiphiie
for which the largest body of data is available regarding the formation of covalently
bonded seif-assembling monolayers®-6. Evidence derived by a number of different
techniques®® points to the structure of complete OTS monolayers as consisting of
arrays of fully extended and densely packed hydrocarbon chains, with essentially
perpendicular orientation of their axes on the layer plane (mean deviation of the
chain axes within less than 10° from the surface normal). C,,SME is representative
of a new series of bifunctional silane—ester surfactants, recently synthesized for the
purpose of studying the self-assembling properties of long-chain amphiphiles
containing a relatively polar and bulky function at different positions along their
chains’. OTS can form only monolayers, but the ester group of C,,SME can be
chemically activated and used to form multilayers.

2. PREPARATION AND CHARACTERIZATION OF THE FILMS

The general methods employed in the preparation of seif-assembling mono-
layers and in the ATR and contact angle measurements were described before?.
Solutions of the respective amphiphiles (2.0 x 10~ ? M) in 80%, bicyclohexyl (BCH)
+12% CCl,+8% CHCI; were used for the adsorption of the present films. All
materials, except C,,SME, were identical to those employed in previous work?. The
synthesis of C,,SME is described elsewhere’. The low oleophobicity of C,,SME
monolayers (see contact angles in Table I) made difficult the dry retraction of such
films from the adsorption solution. Liquid retained on top of the monolayer-coated
substrates was removed by Soxhlet extraction with hot chloroform. In order to
ensure formation of solvent-free, complete monolayers, all presently reported
samples (both C, SME and OTS) were exposed to several adsorption (10 min)-hot
CHCl, extraction (20 min) cycles, until invariant maximal contact angles and IR
signals were reached®.

Multilayer films were constructed via a two-step chemical procedure involving
the conversion of the ester functions of each layer to terminal hydroxyls (the
chemical activation step®), followed by covalent coupling of the silane functions of
the subsequent layer to the exposed hydroxyls of the underlying one (the
chemisorption step*). The ester carbonyls were reduced to terminal hydroxyls by
immersing the film-covered substrates for 15-30 min in a saturated solution of
LiAlH, in dry diethyl ether at ambient temperature, followed by rinses with distilled
water, concentrated HC1 (30%), distilled wa'er, and final Soxhlet extraction with hot
CHCI, (20 min).

Polished n-type Si wafers were employed as film substrates in the X-ray
diffraction experiments, while the IR data were collected from a separate set of films
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prepared by an analogous experimental procedure on a silicon ATR plate. A
qualitative comparison of the two sets of samples is possible through their contact
angles?.

Figures 1 and 2 depict ATR-IR spectra recorded after each step in the
construction of a C, SME/C,,SME/Si bilayer and an OTS/C, SME/Si bilayer
respectively. The spectrum of an OTS/Si monolayer is also shown in Fig. 2. The
corresponding contact angles measured for n-hexadecane (HD), bicyciohexyl (BCH)
and H,0 are listed in Table I. Inspection of the IR spectra and the respective contact
angle data leads to the following conclusions regarding the composition and
structure of the films.

1. The intensities of the (H—C-—H) stretching bands around 2900 cm ™! in the
C,,SME/Si and OTS/Si monolayers (compare Figs. 1(a), 2(a) and 2(¢)) are
proportional to the number of (—CH,—) groups in the chains of the respective
compounds (22/17), suggesting that similar molecular packing densities (areas/
molecule) are reached in both films?. This estimation is subject to an uncertainty of
the order of about 5% of a complete C,,SME monolayer, associated with the
sample-to-sample data spreading characteristic of the present ATR
measurements>®, A comparison of the contact angles measured on complete
C,4SME and OTS monolayers (Table I) is not conclusive in this respect, as the
proximity of the relatively polar ester function to the outer film surface results in
significantly lower contact angles on the former, irrespective of its packing density
and the orientation of the chains in the film?.

2. The quantitative conversion of the ester function to a terminal hydroxyl is
evident from both the disappearance of the ester carbonyl band at 1742 cm ~! (Fig.
1{b)) and the contact angles measured on the respective reduced films (Table [)*. The
ester reduction is seen to be accompanied by a certain depletion of material (about
20%,) from the C,,SME monolayer shown in Fig. 1, while the corresponding
monolayer in Fig. 2 is not affected by the LiAlH, treatment. In general, silane
monolayers on Si were found to be stable under exposure to LiAlH, in ether’.
However, as the present examples demonstrate, molecules less tightly anchored to
the surface may be occasionally removed under these conditions. Such partial
depletion of the film is easily detected by IR, but not by the contact angle-
measurements (see Table I).

3. The second adsorbed layers in both the C,,SME/C,,SME/Si and OTS/
C,4SME/Si bilayer films appear to be identical to monolayers of the respective
compounds adsorbed directly on the bare silicon substrate. This is indicated by their
IR spectra (compare Figs. 1(a) with 1(d) and 2(d) with 2(e)) as well as by the respective
contact angle values (Table I). It is further apparent from Fig. 1 that part of the
C,.SME material adsorbed as a second layer (about 12%) is, in fact, used to refill the
depieted first layer, so that the final bilayer film is actually composed of two almost
complete monolayers.

A comparison of the contact angles measured on the films prepared on Si wafers
for the X-ray diffraction experiments with those measured on the films used in the IR
experiments allows the following inferences to be made, in a general, qualitative way,
about the structure of the former.

1. The contact angles measured on the OTS/Si-wafer monolayers are excep-
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Fig. 1. ATR-IR spectra of films on silicon plate (45°, 17 reflections), recorded with a Nicolet MX-1 FTIR
spectrophotometer, at a resolution of 4cm™*: (a) C,; SME/Si monolayer; (b) C,,SME/Si reduced
monolayer (after treatment with ethereal LiAlH,); (c) C,,SME/C,,SME/Si bilayer; (d) C, SME second
monolayer, subtraction (c)—(b).

Fig. 2. Spectra as in Fig. 1, showing only the (—CH,—) stretching bands around 2900 cm ™ ! for: (a)
C,.SME/Si monolayer; (b) C,,SME/Si reduced monolayer; (c) OTS/C,,SME/Si bilayer; (d) oTS
second monolayer, subtraction (c)—(b); (¢) OTS/Si monolayer.

TABLE [
CONTACT ANGLES ON MONOLAYER AND BILAYER FILMS BUILT ON SILICON ATR PLATE AND ON GLASS SLIDES
Film Advancing contact angie® IR spectrum
( Fig.)

HD BCH H,0
C, SME/glass® 22°-24° 30°-32° 70°-72° —
C1 SME/Si 26° 32 72° {a)
C,.SME/Si, reduced (1 o 50° 1(b)
C1.SME/C, SME/Si Not measured  31° 74° i(c)
C, SME/Si 3° 32 73° 2(a)
C,;.SME/Si, reduced [ 0 50° 2(b)
OTS/C,;,SME/Si 46° 5t° 112° 2c)
OTS/Si 46° st° 12° Ae)

* The precision of the contact angie measurements is of the order of + 1°.
* Maximum contact angle values measured on complete C, SME monolayers oa glass.
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tionally high (compare the values in Tables I and IT with those in refs. 2 and 6). These
OTS monolayers appear, therefore, to be almost perfect in terms of surface coverage
and chain orientation and packing, possibly displaying long-range two-dimensional
crystalline order?-6,

2. The contact angles measured on the C, SME/Si-wafer monolayer sample
(entry 2 in Tabile II) are close to those determined on the corresponding monolayers
on an Si ATR plate (Table I), except for the water contact angle which is somewhat
higher. This might point to a larger deviation of the hydrocarbon chains from the
surface normal in this particular monolayer, thus causing a larger proportion of
inner (—CH ,—) groups to be exposed on the outer film surface.

3. The contact angles measured after each step in the construction of the
C,,SME trilayer film on the Si wafer (Table II) indicate the formation of a complete
first layer, similar to the C,,SME monolayers on the ATR plate, followed by less
ordered second and third layers (compare values in Tables IT and I). Thus, the
somewhat lower contact angles displayed by the second layer for the organic liquids,
in particular for BCH, may be taken as evidence for a less compact and ordered
structure, although not very much different from that of the first one?:%. A drastic
disordering effect is further observed in the formation of the third layer. This is
obvious from the large drop in the BCH and HD contact angles, which may be
interpreted as indicating the formation of an incomplete monolayer?-. It is to be
noted that the water contact angles are not sensitive to these structural differences
(Table II). This behavior can be rationalized by considering the opposite variation
tendencies expected for water contact angles on C,,SME monolayers of variable
density. Usually, lower film densities lead to lower contact angles®'¢, however, in the
present case, increasing the area/molecule should result in an outer film surface
poorer in relatively hydrophilic ester groups and richer in more hydrophobic chain
methylenes, which should thus tend to raise the water contact angles.

The origin of the disordering effect observed in the formation of the third layer
in the C,,SME trilayer film is not entirely clear. A number of film-building
experiments carried out with C,; SME on glass, quartz and silicon have shown
rather poor reproducibility in the formation of high-quality monolayers of this

compound, regardless of the substrate. We suspect that partial misorientation of the-

film-forming molecules at the liquid—solid interface, caused by the relatively polar

TABLE I
CONTACT ANGLES ON FILMS BUILT ON SILICON WAFERS
Film Advancing contact angle

HD BCH H,0
OTS/Si (two samples) 48° 54° 113°-114°
C.1SME/Si (monolayer sample) 27°-28° 30° 79°
C,.SME/Si (trilayer sample) 26° 3 72°
C,.SME/Si, reduced (trilayer sampie) 0° [V 50°
C1.SME/C, SME/Si (trilayer sample) 24° 28° 72°
C1.SME/C, SME/Si, reduced {trilayer sample) o r 50°
C1.SME/C, SME/C,,SME/Si (trilayer sample) About 12° 23°-24° 7m°

L 28R el
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nature of the terminal ester function, may be responsible for the difficulties
encountered in the self-assembly of C, SME. Results of film-forming experiments
performed with several other silane-ester surfactants, having the ester function
located at different positions along the chain, support this interpretation’.

3. X-RAY DIFFRACTION

It has been demonstrated that X-ray diffraction can be used to get structural
information about LB films even for a single monolayer?. It is possible to measure
such small (microgram) samples because the Bragg angles are about 1° (the
molecules are long and stand nearly perpendicular to the surface), hence the
diffraction is occurring near total external reflection from the solid samples. The
X-rays that are reflected from the atomic planes are thus relatively intense and their
interference produces large modulations in the diffracted beams. This high

‘ sensitivity makes it feasible to measure the monolayers deposited by the method of

spontaneous adsorption. The most definite information extracted from the measure-
ment is the thickness of the film. This is refevant to the question of the coverage by
the film, because if the observed thickness is equal to the known length of the
molecules then the molecules must be closely packed. If the thickness is less than the
length, the molecules must be leaning, which implies that the packing is not
maximal. This case needs to be examined to learn if it arises from incomplete
coverage. Our procedure of fitting the data also gives information about the
chemical composition of the layers, but this is not very precise. As will be explained
below, for rather featureless patterns like that from a monolayer, a good fit to the
data can be achieved with a range of parameters; however, some models of the
molecule seem incapable of explaining the data and thus may be rejected.

Our experimental and interpretational methods were published earlier’. The
only change from those techniques is that we now® can optimize the fit to the data by
use of the simplex method of variation of an initial set of parameters. This is done
with the constraint that the correct number of electrons in each lamina is maintained
as their thicknesses and refractive indices are varied. The data were taken on a
diffractometer possessing a highly collimated and monochromatic X-ray beam. A
6-20 scan in steps of about 0.01° and counting times of minutes is made under
computer control. The resulting spectrum for OTS is shown in Fig. 3. Note that the
intensity scale is logarithmic so that the rounded peak at about 1.5° is only 10~ * of
the incident intensity. This peak is absent on Si substrates that are uncoated; it is
caused by the adsorbed OTS. The full line that passes through the data was
computed by considering the interference of waves reflected from plane laminae
representing the chemical structure of the OTS molecule, The model is shown in Table
11, with the parameters used for the various molecules we examined. The structure of
the molecules is shown on the left side. The procedure used to find the parameters
was to first estimate the index of refraction, n = | —§+ i where 6 and § are directly
proportional to the electron density, N; 8 = 1.06 x 1079 x N. We assume that
the maximum density is for the alkane packing, because there are no bulky groups t0
separate the chains. We can then calculate the alkanc densities from known
structures. When alkane chains are closely packed they occupy an area of about
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18 A2, The separations of the atoms along the chains and the numbers of electrons
are known. Thus for the CH, groups, which have N = 8 electrons in a volume of
18A2x 1.34, we find a value of 5 = 3.9 x 107, If the molecules are not tightly
packed we assume that the deltas will be decreased, but probably not by much. The
major effect of loose packing will be a reduction in the thickness of the layer. The
tited molecules will probably pack to a smaller, but approximately the same,
density than for close packing. Using known covalent radii, and models of the
molecule, we estimate the length of the chain to be 26 A. From the data of Fig. 3 we
derived a thickness of the film of 23 A, about 13% less than the extended chain
length. Incomplete coverage may be the cause of the reduced thickness, but
somewhat looser packing in films is probably the cause. In LB films the typical area/
molecule of carboxylic chains is 20 A2, slightly larger than in bulk paraffins. The
packing of our films is unknown, but previous IR and wettability measurements2 on
OTS showed that its density on Si was the same as LB films of carboxylic acids. An
area/molecule of 20 A? would allow the chains to tilt the observed extent. The
parameter f in Table III represents the lossy part of the refractive index. The values
given are only estimates, but in such very thin films they have very little influence on
the diffraction pattern.

For the C,,SME, similar considerations lead to an estimated length of the
chain of 35 A. The measurements, shown in Fig. 4, give a film thickness of 28 A. This
decrease of 20% is noticeably larger than for OTS. If we attribute a decrease of 13%
to steric effects, as in OTS, then here the additional decrease in thickness of about 7%
implies a maximum 79 lack of coverage.

The trilayer of C,,SME gave the data shown in Fig. 5. We attempted to fit the
data using the same parameters used for the successful fit of a2 monolayer, but
repeating it for three layers. We also included the modifications in the structure
introduced by the chemical binding of the layers to each other. The resuit was the
curve labeled “3 layers” in Fig. 6. It can be seen that the predicted diffraction has
sharp decreases near 0.2° and 1.0°. which appear only vaguely in the experiment. We
were unable to find any reasonable parameters that satisfactorily reproduced the
data using a three-layer model. We therefore considered the possibility that only
part of the film has three layers, and part might have two. The predicted diffraction
from a two-layer film is also shown in Fig. 6. The tendency is for the peaks in the
three-layer diffraction to ouccur at the minima of the two-layer diffraction. A
superposition of the two patterns smooths the features. By trial we arrived at the fit
shown by the full line in Fig. 5. To achieve this fit the ratio of the areas covered by
two layers to three layers was 0.55/0.45, and slight adiustments of the thicknesses of
the layers were made (as listed in Table ITI). This fit was not optimized because we
feit that a more perfect fit would not be very meaningful, considering the number of
parameters. It does seem clear that a mixture of two- and three-layer regions
provides an explanation of the data.

Table 111 also lists the values of the refractive index parameter 8. These values
are not to be regarded too seriously, because good fits to the data could be obtain :d
with values of 6 of the CH, layer (the thickest and thus most important) that differed
by 25% from those in Table II1. The corresponding change in the thickness of the
CH, layer was only —3%, so the thicknesses are much more strongly deterinined
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Fig 3. X-ray diffraction from a singie layer of OTS on a Si substrate. The squares are the data points. The
full line is calculated from a model described in the text and in more detaii in ref. 5.

Fig. 4. Same as Fig. 3 except for one layer of C; SME.
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Fig. 5. Same as Fig. 3 except for C,, SME prepared as a trilayer. The full curve is the superposition of the
diffraction from two- and three-layer films assumed in the ratio of 55% to 45%,.

Fig 6. Calculated diffraction from two- and three-layer C, SME fiims.

than are the § values. Nevertheless, we found that some models did not seem to be
capable of providing a good fit. For example, if we assumed that the Cl of the original
chlorosilane remained attached instead of being replaced by O, this added such a
large electron density that only poor fits were found. This model can be rejected on

chemicai grounds as well.

4. CONCLUSIONS

We have used three independent methods to study the degree of coverage of Si
surfaces by chemisorbed OTS and C,,SME monolayers, and a trilayer of C,,SME,
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deposited by the method of spontaneous adsorption. The IR absorption, contact
angles, and X-ray diffraction all suggest that the monolayer of OTS is complete. [n
fact, the contact angles are larger than any values previously reported; this indicates
exceptionally good coverage and smoothness. The thickness of this C, SME film is
noticeably less than the length of the molecule. This can be interpreted as a lack of
coverage of < 7%, which is compatible with the results of the other methods. In
some other samples, IR and wettability indicate complete monolayers of C,,SME.
For the trilayer of C,,SME all the methods allow for an incomplete upper layer. IR
showed that, in some cases, when a second layer is added it also helps to complete the
first layer. The X-ray diffraction does not seem explicable by a three-layer model.
Using parameters not much different from those of the monolayer, we find a good fit
by assuming that about 45% of the area has three layers and 55% has two layers.
Work is in progress to substantiate the idea that the variability noted for C,,SME
may result from the proximity of the hydrophilic ester group to the end of the tail.

The X-ray diffraction gives another result which tends to confirm the
interpretation that the OTS gives good coverage and that C,,SME gives somewhat
less. The roughness, r, needed to explain the results differs drastically in the two
cases. For OTS we deduced a value of r = 0.25 A, which indicates a very smooth
film. For C,,SME, we needed r = 3 A, rather like that of a single LB film%. A
possible interpretation is that the OTS forms a very compiete polymer network,
linked by Si—O-—S8i—O— chains. Such chains might have sufficient sidewards
strength to allow the film to bridge over the roughness of the substrate, like a
membrane. It seems to do this better than LB films, as might be expected. The
C,.SME bridges less well, perhaps because its coverage is less and the polymer
network does not support the film everywhere. Such films would follow the contours
of the substrate, and be rougher than well-polymerized films.

It should be noticed the different molecules in this study had somewhat
different adsorption properties. Thus the behavior of one or the other cannot be
readily generalized. Perhaps after more studies of this kind, on a variety of
molecules, we shall achieve greater predictive ability. However, it seems that the
method of spontaneous adsorption can be expected to give coverages in excess of
90%, approaching 1007, in some cases.
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